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This thesis studied laser micro- and nano-processing technologies and their 
applications for high density data storage devices. The thesis consists of two parts. The 
first part is focused on the formation and characterization of large-scale nanostructures 
using laser induced self-organization mechanism, while the second part is devoted to 
the fabrication and characterization of nanometer scale phase change random access 
memory cells using laser direct writing based on femtosecond laser and near-field 
optics. 
 
The laser induced self-organization of nanostructures is attributed to the 
intrinsic nature of the laser-material interactions. Microfringes and nanoislands were 
fabricated on silicon by CO2 laser direct irradiation, with the assistance of a specially 
designed experimental setup to promote the silicon absorption in the far-infrared 
spectrum of CO2 laser beam. Although this technique is suitable for the formation of 
large scale nanostructures, its lack of precise position registration and alignment 
capability makes it unsuitable for device fabrication. In the second part of this thesis, 
we describe a mix-and-match technique which combines the conventional 
photolithography with the femtosecond laser direct writing using a near-field scanning 
optical microscope. The developed technology was applied to the fabrication of 
nanocells of phase change random access memory with a feature size down to sub-45 
nm, which is far beyond the diffraction limit of the optics and laser used in this study. 
The functionality of the nanocells was demonstrated successfully, and the scalability of 




  The ultrafast phase transition induced by a picosecond electric pulse was 
demonstrated. The possible mechanisms were discussed by taking into account two 
main factors in both the space domain and time domain, respectively: (i) nanosize 
effect of low-dimensional cell structure, resulting in the decrease of the melting point 
for the nanostructured phase change materials, and the increase of the current density 
which improves thermal heating; and (ii) short pulse effect, resulting in intensive 
impact ionization, and therefore high density secondary electron generation to suppress 
the electron-ion recombination. The concentration of net electrons increases faster and 
induces the ultrafast phase change when thermal energy is sufficient. The model 
explains well most of the experimental observations. The results will be of great 
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1.1 Background  
Recent years have witnessed the rapid progresses in the field of nanoscience and 
nanotechnology. The primary objectives of nanotechnology research are to explore the 
fundamental physics in atomic to sub-100 nm regime, as well as their technological 
applications. One of the core activities is centered on the development of 
nanofabrication techniques which allow for fabrication of various types of 
nanostructures and devices. Traditionally, nanofabrication has been relied on the so-
called “top-down” approach, in which tiny structures and devices are made through 
“cutting” bulk materials or films using a technology known as lithography in the 
semiconductor industry.  In this technique, patterns are fabricated by shining 
ultraviolet light through a reticle on which the desired features to be transferred onto a 
chip are formed. Optics below the reticle then reduces and projects the patterns onto a 
region of a silicon wafer coated with a resist film. Photochemical reaction in the 
irradiated region transforms the resist so that either the exposed or non-exposed 
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regions will be readily removed by the subsequent development process. Additional 
layers can then be etched away or deposited based on the patterns that have been 
formed on the substrate. The repetition of these processes for many times will 
eventually lead to the completion of the fabrication of a device. 
 
Due to the use of far-field optics, the smallest feature size that can be formed 
on the substrate is on the order of λ/NA, where λ is the wavelength of light and NA the 
numerical aperture of the objective.  This limitation is known as the far-field optical 
diffraction limit or the Abbe barrier [1]. It is apparent that the shorter the wavelength 
of the light used, the smaller the features that can be formed on the substrate. As 
shown in the international technology roadmap for semiconductors [2] in Table 1.1 
and 1.2. The down scaling follows Gordon Moore’s prediction [3][4] , the density of 
semiconductor chips would double roughly every 18 months. Based on this prediction, 
we will soon reach the sub-50 nm regime at the production level. The current 90 nm 
node manufacturing technology employs KrF excimer laser at 193 nm, and the 65 nm 
node technology will be using F2 excimer laser at 157 nm. In fact, Intel began large 
volume-production using 65 nm technology in early 2006, half year ahead of the 
roadmap. It is expected that EUV light source will be required for the 45 nm node 
lithography.  The “deeper” we go the more challenges we will face in optical design 
because we need to find proper lens materials which works in the EUV range. Possible 
ways to overcome this difficulty include the use of reflection optics in EUV 
lithography [5] [6], or switching over partially to non-optical lithography techniques, 
such as e-beam [7][8][9][10][11], and the emerging technology like nanoimprint 
[12][13]. However, in addition to the specific drawbacks of individual technique, none 
of these techniques has the capability to go down to atomic or molecular level.  
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Table 1.1 Product generations and chip size model technology nodes – short term years 
 
Year of production 2003 2004 2005 2006 2007 2008 2009 
Technology node  90   65   
DRAM ½ pitch (nm) 100 90 80 70 65 57 50 
 
Table 1.2 Product generations and chip size model technology nodes – long term years 
 
Year of production 2010 2011 2012 2013 2014 2015 2016 
Technology node 45   32   22 
DRAM ½ pitch (nm) 45 40 35 32 28 25 22 
 
The limitation of these top-down techniques has stimulated tremendous interest 
in the development of various types of bottom-up techniques which include 
spontaneous self-assembly and chemically, biologically, or physically guided self-
assembly.  All these self-assembly techniques are characterized by a common feature, 
that is, they are capable of producing large scale periodic structures with a feature size 
ranging from atomic/molecular level to any practical size. Among all these self-
assembly techniques, one of the most straightforward approaches is to make use of 
interactions between the materials and the energy beams, such as photon, electron and 
ion beam. This work concerns the nanofabrication techniques based on laser-materials 
interactions with the emphases on laser-induced self-assembly [14], ultrafast laser-
material interaction processes [15][16], and near-field photolithography [17][18][19].    
 
Laser-material interaction itself is an important physical and engineering field 
which covers many aspects ranging from fundamental physics to practical applications. 
In this thesis, however, we focus only on the basic processes involved in the 
nanopatterning using laser-materials interactions and its applications in high density 
data storage. We have developed two types of laser direct writing techniques. In the 
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first part of this thesis, we discuss the main results which we have obtained in the 
laser-induced self-assembly studies. This technique is suitable for the formation of 
large scale nanostructure. However, the self-assembled nanostructures do not have that 
kind of precise location and alignment capability which is required for device 
fabrication in the manufacturing industry.  Therefore, in the second part of this thesis, 
we describe an ultrafast laser direct writing technique in the optical near-field which 
allows for the fabrication of single nanodots. The combination of this technique with 
the conventional photolithography allows us to fabricate functional nanocells of phase 
change random access memory device (PCRAM) at ultrahigh density. 
 
1.2 Laser induced self-organization 
Self-organization is a bottom–up technique to create nanostructures. The self-
organized nanostructures are formed themselves by making use of some energetic, 
kinetic and geometric effects in the material growth (or removing) processes, without 
the need of masks or fine-focused beams. Self-organized nanostructures are generally 
formed simultaneously across the specimen, which makes self-assembly one of the 
most promising methods for large-scale nanofabrications. The key issues for the 
applications of self-assembly are the effective control of size, shape and position of the 
nanostructures. Such controls can be achieved to certain degrees by properly selecting 
process conditions and taking advantage of some intrinsic material properties Error! 
Reference source not found.. Although the lack of precise position registration and 
alignment capability makes it unsuitable for device fabrication, self-assembly is indeed 
an excellent technique to fabricate long-range ordered periodic nanostructures. These 
structures can be very useful for data storage applications.  
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 Laser-induced self–organization is one of the widely studied nanofabrication 
techniques. One of the most extensively studied topics is the laser-induced periodic 
surface structure (LIPSS) which has a feature size of about sub-wavelength and is self–
organized under a direct laser irradiation of solids or liquids. The LIPSS was first 
reported in earlier 1980’s, and has since then attracted much attention in various 
material systems [21][22][23][24], and was formed by the laser irradiation with 
various wavelengths and pulse widths [23][24][25].  
 
It is well known that the primary absorption mechanism in semiconductors is the 
electron transitions between the valence and conduction bands. For this transition to 
happen, however, the photon energy should be equal to or higher than the bandgap of 
the material. This might be part of the reason that, so far, most of the work has 
employed lasers with photon energy larger than the bandgap of Si. From fundamental 
physics as well as process point of view, it would be interesting to know how the 
photon energy of the laser beam in the far-infrared spectrum would affect the 
formation process of LIPSS. To this end, in the first part of this work, we have carried 
out a detailed study on LIPSS formation on Si substrate using a CO2 laser with a 
wavelength of 10.6 µm. 
 
The silicon substrate is transparent to CO2 laser with a wavelength of 10.6 µm. 
The optical absorption below the bandgap may be possible due to defect states within 
the forbidden gap. However, such absorption is usually weak and the energy absorbed 
is insufficient to allow the surface modification to happen. Therefore, we have found a 
way to enhance the absorption through coating the back surface of Si with a thin layer 
of high-absorption material. The enhancement of sub-bandgap absorption made it 
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possible to modify the silicon front surface under a direct CO2 laser irradiation, 
forming the complex and anisotropic structures with a sub-wavelength feature size. 
The mechanisms responsible for the efficient absorption of light and the resultant 
modification of Si are discussed. The sub-wavelength structures were self-organized as 
a result of LIPSS formation due to the interaction of silicon with the CO2 laser. In 
addition to periodic grating structures, the repeated irradiation of laser pulses also led 
to the formation of nanoislands self-ordered on the ridges of the fringe patterns 
generated by the earlier pulses. The mechanisms responsible for the nanoisland 
formation are discussed. 
 
1.3 Laser writing in optical near-field 
As we discussed above, the minimum feature size of conventional 
photolithography is limited by the diffraction-limited phenomenon [1] of far-field 




=   (1.1) 
where λ is the wavelength and NA is the numerical aperture of the objective, k is a 
constant which depends on the specific configuration of the optical system as well as 
the medium surrounding the objective.  
 
This equation suggests that the resolution of far-field optical system is only 
slightly better than the wavelength of the optical beam. Although considerable efforts 
have been made to push beyond the limit of far-field optics such as the use of phase-
shift mask [26] light source engineering [27] and immersion lithography [28], etc., all 
these approaches can only make moderate improvement over existing technologies.  
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Near-field optics was proposed by Edward Hutchinson Synge in 1928 [29][30] 
to break the diffraction limit of the far-field optics. Synge suggested a brand new 
instrument, of which a sub-wavelength aperture scan in the near-field of an object 
surface. In the proposed instrument, the distance d between the aperture of the probe 
and the object surface is much smaller than the wavelength λ of light. When d << λ, 
the spatial resolution is no longer limited by diffraction. The idea has been realized 
today as the near-field scanning optical microscopy (NSOM). The implementation of 
Synges’s concept has faced two technological obstacles at that time: fabrication of 
subwavelength aperture and maintenance of the small spacing between the aperture 
and object surface. Recent technological advances in nanofabrication and scanning 
probe microscopy have made it possible to fabricate sub-wavelength apertures as well 
as to control the spacing between the probe and object surface with a sub-nanometer 
precision. These advances began in the early 1980’s with the invention of scanning 
tunneling microscope (STM) that subsequently earned Gerd Binning and Heinrich 
Rohrer the Nobel Prize [31]. This has stimulated a worldwide research on various 
types of scanning proximal probe technologies [32] including the re-invention of 
Synge’s breakthrough concept in the form of NSOM by Pohl in 1982 [33][34]. In 
addition to applications in high-resolution imaging, the NSOM has also been applied 
to nanoscale surface engineering through controlled interaction of laser beam with 
solids in the optical near-field of the aperture of the optical probe. This has led to the 
successful fabrication of structures with a sub-wavelength feature-size [35][36][37].  
 
In the second part of this work, a NSOM-based nanofabrication technique has 
been developed and applied to the fabrication of high density memory cells. A 
commercial NSOM system was integrated with a femtosecond laser to achieve 
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ultrafast laser direct writing in the optical near-field.  Nanostructures were fabricated 
with a feature size of sub-100 nm, which is far beyond the diffraction limit. The 
developed integrated system was combined with the conventional photolithography, 
and applied to the nanocell fabrication of phase change random access memory 
(PCRAM). The developed mix-and-match technique provides an alternate way for 
nanodevice fabrication. The functional performance of the fabricated PCRAM 
nanocells was demonstrated, with improved scalability of the programming current and 
switching speed, which are the unique properties of PCRAM device [37][38][39][40]. 
Novel phenomenon of picosecond electric pulse induced fast phase change was 
observed for PCRAM nanocells with a feature size down to sub-100 nm. The possible 
mechanisms are discussed by taking into account two main factors in the space and 
time domain, respectively: (i) nanosize effect and (ii) short pulse effect. The model 
explains well most of the experimental observations. The results will be of great 
importance for developing fast-response phase change memories.  
 
1.4 Organization of the thesis 
In the rest of this thesis from chapter 2 to chapter 5, I will first give an 
introduction to the various nanofabrication techniques, in particular the conventional 
lithography technique, in which I will discuss the basic principles and the problems 
faced by photolithography. I will then proceed to discuss the laser-induced self-
organization and the near-field direct writing techniques. The potential application of 
laser-based nanoengineering techniques in high density data storage will be discussed.   
 
Chapter 3 is devoted to the laser-induced self-organization of nanostructures. 
Micro/nano fringe structures are induced due to the LIPSS effect, which is achieved by 
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a specially designed experimental setup and process. The mechanisms responsible for 
the silicon absorption in the far-infrared spectrum as well as the resultant self-ordering 
of nanostructures are studied. In chapter 4, we develop a laser optical near-field direct 
wring technique using NSOM with a femtosecond laser. Nanostructures with a feature 
size beyond the diffraction limit are achieved. The nanostructures generated with this 
method have precisely controlled size and position, which can facilitate the nano-
device fabrication. The geometries of the nanostructure are studied theoretically with 
the Bouwkamp simulation model. In chapter 5, a mix-and-match technique is 
developed by the combination of laser near-field direct writing with the conventional 
lithography, and applied to the fabrication of functional PCRAM nanocells. The 
performance of the fabricated nanocells will be evaluated, and the scalability of the 
programming current and switch speed will be studied for cells with dimensions down 
to sub-45 nm. The ultrafast phase transition induced by a picosecond electric pulse is 
demonstrated, which, to the best of our knowledge, is the fastest process ever reported. 
The possible mechanisms are discussed by taking into account two main factors: 
nanosize effect and short pulse effect. The model explains well most of the 
experimental observations.  
 
This thesis will end with a summary of the major results obtained and a brief 
discussion of future work in Chapter 6. 
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Chapter 2  




Nowadays, nanofabrication has become more and more important for both 
laboratory scale device fabrication and industrial scale mass production. It is not an 
overstatement to say that the advance of nanofabrication techniques has been largely 
driven by the semiconductor industry in the last half century, in which  the 
photolithography has been and will remain to be the workhorse for device patterning in 
the submicron to deep submicron regime. The rapid advance in development of EUV 
light source and new optics makes sub-50nm an attainable regime for photolithography. 
In parallel, a variety of advanced and hybrid nanofabrication techniques are being 
developed for achieving even smaller features down to sub-10 nm. These techniques 
are included but not limited as shown in Figure 2.1. In this chapter, some techniques 
are reviewed with the emphasis on principles and technical challenges. We start with 
the self-assembly, a bottom-up process, followed by the top-down techniques 
including nanoimprint and particle beam (photon, e-beam and ion beam) lithography. 
We then discuss laser-based nanofabrication technologies which are the main focus of 
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this work including laser induced self-assembly, ultrafast laser nanoprocessing, and 











Self-assembly typically describes processes in which entities (atoms, molecules, 
aggregates of molecules, etc.) spontaneously arrange themselves into a larger ordered 
and functioning structure to construct molecular/atomic scale components and devices. 
Self-assembly is referred to as a 'bottom-up' manufacturing technique, becuase the 
final structure is 'encoded' in the shape and properties of the molecules that are used, as 
compared to the traditional photolithography being a ‘top-down’ technique, where the 
nanostructures are carved out from a larger block of solide matter. The intrinsic 
behavior of self-assembly can be classified as static or dynamic. For static self-
assembly, the ordered state occurs when the system is in equilibrium and does not 
dissipate energy. For dynamic self-assembly, the ordered state requires the dissipation 
of energy, which are normally the energy of electrons, ions, and photons through the 
energy beam bombartment process. Self-assembly is generally a maskless, and parallel 
fabrication process since the self-assembled nanostructures are formed simultaneously 
Figure 2.1 Advanced nanopatterning techniques.
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across the whole specimen. However, it still remains difficult to use self-assembly 
along to fabricate functional devices [1][2][3]. The key issue which remains to be 
resolved is the effective control of size, shape and positioning (ordering) of the self-
assembled nanostructures as required for device applications. 
 
The templated fluidic self-assembly pioneered by Jeh and Smith [4] and Howe 
[5], was developed for device application. In this technique, a suspension of small 
polyhedral components in a fluid flowed across a templating surface having a series of 
indentations. When one of the components felled into an indentation in the correct 
orientation, its surface was flush with the template surface, and it escaped the shear of 
the flowing fluid and aligned in the indentation. The templated self-assembly provides 
a promising technique to overcome the difficulties in device fabrication. One of the 
applications is to fabricate the patterned magnetic thin film media for high density data 
storage. The magnetic material grains was self-assembled on the template which can 
be formed by the conventional lithography, to achieve small grains size as well as the 
large scale uniformity and distribution on the whole disk surface [6][7][8]. 
 
Self-assembly has been studied in a wide field range from life science, 
materials science, to manufacturing. In this thesis, we only focus on the laser induced 
self-assembly in silicon, which happens when the laser photon energy is absorbed and 
dissipated, leading to the spontenous formation of nanostructure. Laser induced 
periodic surface structure (LIPSS) was first observed by Brinbaum in 1965, on 
semiconductor surfaces after a ruby laser irradiation [9]. The periodic surface 
structures, or ripples, with spatial periods related to the optical wavelength, were 
formed spontaneously under the laser irradiation. Further studies have shown that the 
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ripple formation is a general phenomenon which is always observed on solid surfaces 
within certain ranges of laser parameters [10]. The LIPSSs are formed due to the 
intrinsic nature of the laser-material interactions.  
 
LIPSS mechanisms have been discussed to explain this phenomenon. The first 
model proposed by Emmony [11] suggested that a scattering center on the solid 
surface might be responsible for LIPSS formation. The interference of an incident 
wave with waves scattered by the scattering center which might be a dust particle or 
scratch, can produce intensity ripples with the spacing equal to the laser wavelength 
under normal incidence. By illuminating tilted samples having appropriate scratches, 




=Λ          (2.1) 
where, λ is the wavelength, θ is the incidence angle. 
Later, Leamy [12] extended this idea by suggesting that, as a consequence of 
these intensity fringes, the melting threshold was periodically exceeded and left 
alternating regions of different crystallinity. The main requirement was that the 
average temperature of the surface should be close to the melting temperature. 
  Wills and Emmony [13] explained their observations on Ge samples in terms of 
the appearance of electron avalanches around low ionization energy centers close to or 
at the surface. A radiating doublet was formed at the interface between the two media, 
and it therefore became easier to produce another doublet where the laser irradiation 
and emission from the initial doublet interfere constructively. The idea was modified 
by Becker [14], who adapted it to the case of silicon. The mechanism was the resonant 
absorption of photons by plasmons at the surface of small metallic spheres, or droplets 
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of a critical size. The droplets would be produced by thermal fluctuations driving the 
excited solid locally above its melting temperature, which required that the solid under 
excitation be close to a chemical instability. Where as, Maracas [15] argued that there 
was a standing acoustic wave pattern corresponding to the axial-mode beat frequencies 
of their laser, resulting in the periodic melting of their samples. Surface plasmons or 
surface polaritons might be responsible for the ripple formation. Van Vechten [16] 
proposed that ripples occur as a consequence of plasmon condensation in very high 
carrier density regions.  
 
Based on the light scattering model, Zhou [17] proposed that several Fourier 
components of a random surface disturbance scatter the incident beam nearly along the 
surface. The interference of the diffracted wave with the incident beam gave rise to the 
optical interference fringes which can reinforce the initial disturbance. Sinusoidal 
corrugations on metallic or molten surfaces provided a strong positive feedback for 
ripple growth, whereas sinusoidal gratings in temperature, e-h density, or dielectric 
constant seem much less well correlated with observations.  
 
In summary, these mechanisms attribute the phenomenon to the interference of 
incident light with surface scattering light caused by the scattering centers which are 
surface defects, roughness, surface plasmons and surface acoustic wave, resulting in 
periodic surface melting  near the substrate surface, and re-solidification to form ripple 
structures [10][18][19]. In general, ripples originate from the interference of the 
incident light with the scattered light near the interface. The ripple’s period depends on 
the laser wavelength, incidence angle, and laser polarization. The ripple’s orientation is 
determined by the laser polarization, and in some cases, by the incident angles. The 
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fringe ripples are mainly orientated perpendicularly to the electric vector of the 
incident light. For the reflected and transmitted wave kr and kt, the spatial period of the 
interference pattern is [10]: 
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where Λ is the spatial period of interference patterns, λ is the wavelength, θ is the 
incident angle, ki is the incident wave vector, kr is the reflected wave vector, q is the 
grating vector which characterize the surface corrugation. 
 
The period of the interference pattern is therefore in the wavelength range 
when the laser is incident at a normal angle, and changes as a function of incident 
angle. It is noticed that the period of the transmitted wave for q⊥ki// is related to n of 
the media where the laser light transmitted. These ripples have been observed in metals, 
semiconductors, and dielectrics, by the lasers at wavelength from middle infrared to 
the blue end of the visible spectrum, and having CW to pulsed beam ranging from 
micron- to pico-second, and down to femtosecond [18][19][20][21].   
 
2.2 Conventional Optical Lithography 
Photolithography is a process of transferring patterns with certain geometric 
shapes on a mask reticle to the substrate surface, and is therefore the primary driving 
force behind the reduction of the device feature size. The device feature size has been 
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Figure 2.2 Optical lithography technology of the alternative configurations with 
the contact, proximity, and projection printing.  
reducing over years and is now approaching to 65 nm at the mass production level 
(Intel report June 2006), by using the short wavelength lasers of 193 nm or 157 nm, in 
order to push the optical diffraction limitation away further. Continuing advance in 
light source and optical engineering makes sub-45 nm an attainable target for optical 
lithography.  
 
The conventional photolithography comprises the formation of images with 
visible or ultraviolet radiation in a photoresist using contact, proximity, and projection 
printing as shown in Figure 2.2. The most common method is the combination of a 
positive photoresist and a stepper machine to achieve projection printing. The patterns 
on the photoresist are then transferred to the substrate surface with two primary 
techniques: etching or lift-off as shown in Figure 2.3.  
 
We are going to develop a mix-and-match technique, by integrating the 
advanced nanopatterning technique with the conventional stepper patterning to 























2.3 Shorter wavelength particle beam lithography 
The conventional approach to increase the nanofabrication resolution is to 
reduce the wavelength of the light source. 65 nm feature is expected to be achieved by 
the DUV lithography with 193 nm or 157 nm light source. To further improve the 
resolution in photon-based lithography, an even smaller wavelength photon source is 
required, such as soft X-ray, and the other particle beam lithography, e.g. electron 
beam lithography and ion beam lithography. 
 
2.3.1 Soft X-ray lithography 
Extreme Ultraviolet (EUV) lithography known as the soft x-ray projection 
lithography was proposed in 1972 [22][23][24]. It is recognized as the best potential to 
extend the optical lithography. EUV beam has a center wavelength of 13.5 nm and the 
wavelength bandwidth of less than 0.3 nm, which is emitted from the laser-produced 
1. Deposit thin film of designed material 
 
2. Coat photoresist and lithography patterning 
 
3. Etch thin film by wet/dry 
 
4. Remove photoresist 
1. Coat photoresist and lithography patterning 
 
2. Deposit thin film of designed material 
 
3. Swell photoresist with a solvent 
 
4. Remove photoresist  
Figure 2.3 Schematic diagrams of etching and lift-off processes. 
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plasma or electric discharge plasma. The feature size of 25 nm can be achieved 
presently.  However, the fabrication of masks and optics is very challenging due to 
material issue. Other problems include mask repairing, and achieving the alignment for 
multi-level fabrication. X-ray lithography is characterized by the high capital costs but 
high sample throughput, as compared to the serial writing by e-beam technology. 
 
2.3.2 Electronic beam lithography 
Electron bean lithography (EBL) has the possibility of higher resolution than 
optical lithography because of the small wavelength of electrons, which is less than 1Å 
for the 10–50 KeV electrons. Figure 2.4 shows the diagram of EBL system. Resolution 
of EBL is not limited by the electron diffraction due to the small electron wavelength 













Figure 2.4 Schematic diagram of EBL system. 











The feature geometry generated by EBL is more likely undercut in shape due to 
the backscattering, and the resolution mainly depends on the electron energy. In the ion 
beam lithography, the heavier particle beam also generates backscattering which is one 
of the main factors to determine the feature resolution.  
 
Figure 2.6 show the example for EBL produced patterns with flexible features 
of high resolution [25]. Other than the undercut caused by backscattering, the slower 
process speed is also one of the challenges for the mass production application due to 









Figure 2.5 Scattering in E-beam: forward and backward scattering. 
Figure 2.6 Magnetic rings fabricated by EBL [25]. 




Nanoimprint lithography (NIL) is an emerging technology that promises a high 
resolution nanostructure, with a high throughput and low fabrication cost. Based on the 
mechanical embossing principle, NIL can achieve pattern resolutions beyond the 
limitations set by the light diffraction. NIL nanopatterns are structured by the physical 
deformation of a deformable material using a mold or a stamp. Chou's group began the 
pioneering development in 1995 [29][30][31], and has made numerous breakthroughs 
in this hybrid technology development. They demonstrated 10 nm structures as shown 
in Figure 2.7. There are some other emerging companies working on the nanoimprint, 






2.5 Femtosecond laser nanoprocessing 
In laser processing technologies, it is well known that the minimum achievable 
structure size is determined by the diffraction limit and is in the order of the radiation 
wavelength. However, this is different for the femtosecond laser processing. By taking 
advantage of the well-defined ablation threshold, which is attributed to the high peak 
power and the ultra-short pulse width of the femtosecond laser, one can beat the 
diffraction limit by choosing the peak laser fluence slightly above the threshold value.  
Figure 2.7 SEM images (Chou): a) 10 nm holes, b) 10nm dots, and c) device pattern.
(a)        (b)      (c)
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Rapid progress in the development of ultrafast lasers has opened up new 
applications and possibilities for the ultrafast time-resolved optical spectroscopy 
[33][34][35], and the high precision material processing [36][37][38][39] which cannot 
be realized with the traditional laser systems. One of the successful applications in data 
storage is the femtosecond laser induced ultrafast phase change of GST material, 
which has been used for DVD recording media [40][41][42]. 
 
2.5.1 Linear and nonlinear propagation 
A femtosecond pulse with only moderate energy can have an extremely high 
peak power and peak intensity. When subjected to the high powers and intensities, the 
material response becomes highly nonlinear. It is known the electromagnetic wave 
propagation in a medium is governed by the Maxwell equations. Considering only the 
dipole response of the materials, we derive a wave equation for the electric field: 

















    (2.6) 
where E is the electric field vector, P is the induced dipole moment vector or 
polarization, c is the speed of light in vacuum, and ε0 is the permitivity of free space. 
In the linear regime, when the laser intensity is low, the polarization is related to E: 
( ) ( ) ( )trEtrP ,~, 10χε=         (2.7) 
where ( )1~χ is the linear susceptibility tensor. For an isotropic medium, the ( )1~χ  is a 
scalar quantity and the wave equation (2.6) can be simplified as: 








ntrE        (2.8) 
where the refractive index, no, is given by 
( )1
0 1 χ+=n          (2.9) 
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It is further assumed that there are no free charges and the susceptibility is 
spatially independent, so that the divergence of E is zero [43]. Equation (2.8) describes 
the propagation of optical radiation, and is the starting point for all of the linear optics. 
 
For short laser pulse, the laser intensity is high. The nonlinear dependence of 
the polarization on the applied E field can be expressed as a power series in E [43][44].  
( ) ( ) ( )[ ]








EEEEEEP χχχε              (2.10) 
where ( )nχ~ is n-th order nonlinear susceptibility, and ( )nP  is n-th order nonlinear 
polarization. All of the perturbative nonlinear optics start with the polarization given in 
Equation (2.10) going into Equation (2.6). Each of the E fields in Equation (2.10) has 
different frequency components. Nonlinear polarizations are produced at the sum and 
difference of these components, e.g. for the 2nd order polarization, and two driving 
fields of E1 at ω1, and E2 at ω2. The nonlinear P contains several different components: 
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
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The first two equations describe the 2nd harmonic generation. The third and 
fourth equations describe sum- and difference-frequency mixing, respectively. The 
final equation describes the optical rectification. The number of possible combination 
with the third-order polarization is even larger, allowing diverse phenomenon such as 
two-photon absorption. However, radiation is not necessarily observed at all of the 
nonlinear frequency components. To observe the radiation produced by the nonlinear 
polarization, the nonlinear process must be phase-matched, which means that the 
Chapter 2 Nanofabrication technology review 
 
27 
radiation produced by the nonlinear polarization must stay in phase with the driving 
fields. For moderate laser intensities ~1012 W/cm2, the Equation (2.11) may terminate 
the expansion after the 3rd order nonlinear polarization.   
 
2.5.2 Nonlinear absorption – high peak power 
In the wide bandgap materials, a very specific example is a pure transparent 
material, there is no linear absorption. Where as, if the laser intensity is high enough, 
electrons can be promoted from Ev to Ec by the nonlinear processes, depositing laser 
energy into the material. There are two nonlinear excitation mechanisms that play a 
role in this absorption: photoionization and avalanche ionization.  
 
Nonlinear photoionization 
Photoionization refers to the direct excitation of electrons by laser field. When 
a single photon energy is insufficient to excite an electron from Ev to Ec in a wide 
bandgap materials, multiple photons must cooperate together to excite the electrons. 
Depending on the laser frequency and intensity, there are two different photoionization 
regimes: multiphoton ionization, tunneling ionization. 
 
For strong laser fields and low laser frequency, nonlinear photoionization is a 
tunneling process. The E field suppresses the Coulomb well that binds a valence 
electron to its parent atom. If E is strong, the Coulomb well can be suppressed  enough 
that the bound electron tunnels through the short barrier and becomes free. For higher 
laser frequencies, but not sufficient for the single photon absorption occur, nonlinear 
ionization is the simultaneous absorption of several photons with the total energy 
greater than bandgap energy. Electrons are promoted from the Ev to Ec .  




Avalanche ionization involves free carrier absorption followed by impact 
ionization. An electron in Ec linearly absorbs several photons sequentially, moving to 
the higher energy states in Ec. In order to conserve both energy and momentum when 
the electron absorbs a photon, it must transfer momentum by absorbing or emitting a 
phonon or by scattering off an impurity [45]. For electrons high in Ec, the deformation 
potential scattering time is approximately 1 femtosecond. The frequent collisions make 
free carrier absorption efficient [46]. After the sequential absorption of n photons, 
where n is the smallest number which satisfies gEn ≥ωh , the electron’s energy 
exceeds the conduction band minimum by more than the bandgap energy. The electron 
can then collisionally ionize another electron from Ev, resulting in two electrons near 
the conduction band minimum, each of which absorbs energy through the free carrier 
absorption and can subsequently impact ionize more electrons in Ev. As long as the 
laser field presents, the electron density, N, in Ec thus grows accordingly in avalanche. 
 
2.5.3 Material deformation – ultra short pulse duration 
When enough laser energy is deposited into the material by the nonlinear 
absorption mechanisms described above, permanent damage is produced. The damage 
mechanisms are different for the long and short laser pulses. 
 Long pulse 
For pulse durations longer than a few tens of picoseconds, there is a significant 
energy transfer from the laser excited electrons to the material lattice within the time 
scale of the pulse duration. Energy deposited into the material is transported out of the 
irradiated region by thermal diffusion. Damage occurs when the material temperature 
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is sufficient for the material to melt or ablated [47]. The material damage threshold is 
determined by the relative rate of energy deposition and thermal diffusion. Simple 
calculations show that, the threshold fluence for optical damage is the square root of 
the pulse duration [48]. Soileau was the first to observe the departure from this 
dependence for pulses shorter than 10 ps [49]. 
Short pulse 
For pulses shorter than a few picoseconds, the nonlinear absorption occurs in a 
time scale that is shorter compared to the time scale for energy transfer from excited 
electrons to the lattice, decoupling the absorption and lattice heating processes [47]. 
Electrons in Ec are heated by the laser pulse much faster than they can be cooled by 
phonon emission, diffusion out of the irradiated volume, or recombine with their 
parent ion. As a result, the electron density grows through the avalanche ionization 
until its plasma frequency approaches the critical plasma density [47]. This high 
density plasma strongly absorbs laser energy by free carrier absorption. The energy 
transfer from the electrons to the lattice can only occur after the laser pulse terminates. 
This shock-like deposition of energy into the material is much faster than the thermal 
diffusion time, leading to the material breakdown. For short laser pulses, 
photoionization on the leading edge of laser pulse provides the seed electrons for 
avalanche ionization during the rest of the pulse [47]. This self-seeded avalanche 
makes short-pulse breakdown less dependent on material defects, making the threshold 
for short-pulse damage very deterministic [50].  Therefore, damages produced by the 
femtosecond pulses  are far more regular from pulse to pulse and more confined than 
the longer pulses [51]. Also, short pulses require less energy to reach the intensity 
necessary to produce optical breakdown, they deposit less energy in the material which 
leads to more precise ablation. This deterministic breakdown and damage near 
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Figure 2.8 Schematic illustration of the well-defined ablation threshold [51].  
threshold and the material alteration make femtosecond lasers an ideal tool for high 












2.6 Near-field optical lithography  
2.6.1 Breakthrough of optical diffraction limitation - Near-field concept  
Laser miniaturization has attracted much attention after the laser invention in 
1960’s. Through years, the technological and scientific studies required finer and finer 
resolution. However, the conventional optics has been pushed to its fundamental limit, 
which is known as the far-field diffraction limit or Abbe barrier [52]. Although 
considerable efforts have been made to push beyond the limit, such as the use of 
phase-shift mask, light source engineering and immersion lithography, etc., these 
approaches can only make moderate improvements over existing technologies.  
 
A breakthrough concept was proposed by Synge in 1928 [53][54], to overcome 
the barrier of spatial resolution. The basic principle was that a subwavelength aperture 
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scanned in a very close distance to the substrate surface as shown in Figure 2.9. The 
evanescent optical information was transferred and interpreted by the probe aperture 











Synge’s idea was well ahead of his time practically due to the limited 
technological capabilities. The two difficulties waited to be overcome: the small 
aperture formation and the approximate space maintain between the tip and object 
surface. Shortly after the invention of the scanning tunneling microscope (STM) in 
1984 [56], the nanometer-scale positioning technology was available with a  feedback 
looped circuit to control PZT to maintain a constant gap of only a few nanometers 
while the raster scanning of the sample in close proximity to the fixed probe. Another 
key technological innovation was the ion beam nanofabrication, which was used to 
fabricate the subwavelength aperture at the apex of a sharply pointed transparent fiber 
probe tip, and made the concept become technically practical.  Synge's proposal was 
re-invented by Pohl, and demonstrated together with Denk and Duerig at the IBM 
[57][58][59].  
Figure 2.9 Schematic diagram of optical near-field concept. 
Nanostructures 
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2.6.2 General setup of NSOM instrument 
The typical SNOM setup consists of laser source, scan head with fiber probe, 
PZT stages, central electronics control, and software for signal processing and image 
computation. The laser light of a suitable wavelength is coupled into an optical fiber 
that has an aperture probe tip at its far end as shown in Figure 2.10 (a). The PZT 
transducers with a closed loop feedback circuit control bring the probe into the optical 
near-field, and maintain a constant displacement to the object surface as shown in 
Figure 2.10 (b). Laser light emitted from the probe aperture interacts with the sample 
material locally. The evanescent light emerging from the interaction zone is collected 
with the highest possible efficiency, and is directed via an optical system to a visual 








In order to measure and control the gap between tip and sample in the range of 
10 nm, a strongly gap-dependent signal is required. Early NSOMs relied on the 
electron tunneling feedback, or the laser interference. The majority of present SNOMs 
utilize the shear force feedback. The fiber probe is vibrated at one of its mechanical 
resonances parallel to the sample surface with amplitudes below 1-5 nm. The 
oscillation amplitude and phase are monitored by a suitable displacement sensor. The 
phase signal reacts faster to the changes in the oscillation state, because it is 
Figure 2.10 a) Fiber optic probe tip; and b) PZT feedback control circuit loop. 
(a)  (b)
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independent of the dissipation of kinetic energy stored in the resonance. Therefore, the 
use of pure phase feedback or a combination of amplitude and phase feedback is 
advantageous in fast shear force feedback systems.  
 
2.6.3 Near -field scanning optical lithography 
Near field scanning optical lithography (NSOL) is the extension technology of 
conventional photolithography to overcome the diffraction limit. The typical NSOL 
setup consists of a NSOM system, a laser source and a lithography software. With the 
assistance of NSOM equipment, the laser beam is delivered through the probe aperture 
to the photosensitive material surface in the near-field, and exposures and interact with 
the material. The significance of NSOL is that it allows spatial resolution far beyond 
wavelength scale, and also it is a simple, maskless and cost-effective technology. In 
addition, the photosensitive materials used in NSOL are similar to that used in the 
conventional lithography, which have been fully studied. However, like EBL, the 
NSOL is a slow speed process due to the serial writing. 
 
Non-optically feedback NSOM is more preferable rather than the laser 
interference feedback in order to eliminate the additional optical interference during 
the exposure. Even though the interference can be controlled by using additional optics 
but cannot be avoided completely for materials with wide absorption spectrum range, 
and it also requires the complicated setup. The laser source needs to be properly 
selected with its wavelength, pulse width, and output power. To generate the expected 
nanopatterns, the lithography software is programmed to control the NSOM stage 
movement, trigger laser output shutter, and synchronize the laser pulse.  
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2.6.4 NSOM theory  
Synge’s idea was first confirmed in the theoretical calculation by Bethe [60], 
who considered the passage of light through a subwavelength diameter aperture 
formed in an infinitely thin, perfectly conductive screen. Errors in his expression were 
corrected by Bouwkamp [61]. The Bethe/Bouwkamp model provides an analytic 
expression for the resulting EM field near the small aperture and leads to a surprisingly 
accurate field distribution of the radiation emerging from a near-field probe. The 
general model is shown schematically in Figure 2.11, where the incident light radiates 
on an infinitely thin and perfectly conducting screen, and passes through a small, 
subwavelength hole of radius a. The emerging light interacts with the sample surface 









The Bethe-Bouwkamp model was employed to simulate the electric field 
distribution in the aperture at the different optical near-field distance [62]. The model 
approximates the radiation emitted from a tapered metal-coated optical tip with a 
subwavelength circular aperture hole with diameter a=50 nm, in x-y plane at z = 0, to 
a perfectly conducting metallic screen. The incident field with polarization along y-






Figure 2.11 Schematic diagram of Bethe/Bouwkamp model.  
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approximation is sufficient to provide a helpful understanding and guidance to the our 
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The electric field at a point R in a vacuum is given by 
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From Equation 2.17, depending on the k magnitude, two different types of 
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which gives rise to both evanescent ( 20
2 kk > ) when a < λ;  and propagating waves 
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When a >> λ, kv ≈ k0 and k≈ 0, the transmitted field is very similar to that of 
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When a ≈ λ, the aperture size is comparable to λ, the transmitted field diverges 
with wave factor includes a small range of finite amplitude of k > k0. The lateral 
confinement increase and the spectrum broaden. 
 
When a << λ, the aperture size is much less than λ, k becomes imaginary. A 
field component with an imaginary wave vector in the propagation direction 
corresponds to an evanescent field, which dominates the transmitted field. The field 
amplitude decays exponentially in z direction. This means that the transmitted field is 
strongly localized at the vicinity of the aperture and decreases rapidly away from the 
aperture. The strong localization is responsible for the NSOM resolution. 






λλ rr 3,,            (2.20) 
In the simplified view of the classical far-field optical microscopy, the object is 
illuminated by a monochromatic plane wave. The transmitted/reflected light, scattered 
by the object is collected by a lens and imaged onto a detector. For practical reasons, 
the lens is placed at several wavelengths away from the object surface, i.e. in far-field. 
The high spatial frequencies corresponding to the fine details of the object decay 
exponentially along the object normal. From this viewpoint, the information contained 
in the spatial frequency f > 1/λ, can be shown as evanescent.  The information at these 
high spatial frequencies cannot reach effectively the far-field optics for remote 
information inspection. This effect leads to the well known Abbé diffraction limit. 
Figure 2.12 present the electrical field intensity distribution for alternative optical 
systems, e.g. conventional optics, confocal optics and NSOM. The near-field electrical 
field intensity provides a very high resolution beyond the optical diffraction limitation. 
 











2.7 Nanoengineering for high density data storage 
High density and high speed are the driving forces for the development of data 
storage industries, which including three main categories: magnetic/hard disk (HDD), 
optical disk (CD/DVD), and semiconductor memory. Small feature size is the common 
issue. Self assembly provides a fast process and sufficiently small bit feature, but 
difficult to achieve the precisely controlled location and distribution. Lithography 
provides a precise and flexible distribution control, but difficult to achieve sufficiently 
small bit features. Alternative nanotechniques have been used for different recoding 
strategies to improve high density storage.  
 
2.7.1 Patterned magnetic media 
Most of the storage media are continues thin films, on which the material 
properties change locally during the information wiring processes. Patterned media is 
one of the strategies to increase magnetic recording density. The discrete nature of 
Figure 2.12 Comparison of impulse response functions for various optical 
systems at λ=541.5 nm [61].
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patterned media facilitates the extremely high bit density and the single domain state of 
all bits. It allows bit densities larger than 1 Tbit/in2 without suffering from thermal 
instabilities [63]. Patterned media can be realized by the templated self-assembly, and 
surface patterning by advance lithography [6].   
 
1 Tbit/in2 density requires the island array periodicity of 25 nm and the 
lithographic line width of 12.5 nm, which can not be achieved by the conventional 
photolithography. One of the advanced techniques, e-beam lithography can achieve 
this resolution. However, it is too costly and slow in speed due to the serial writing. 
Self-assembled nanocomposite and nanoparticle medium have been studied [64]. 
When deposited on a substrate with high mobility, such as in a slowly evaporating 
fluid, nanoparticles naturally order into a superlattice. However, the angular and spatial 
coherence lengths are limited and cannot be extended to a complete disk surface. 
Using the template trenches at a distance on the order of the coherence length, much 
more regular arrays may be generated [6]. 
 
2.7.2 Heat-assisted magnetic recording (HAMR) 
HAMR utilizes the basic principles of magneto-optic (MO) storage, and the 
optical near-field concept for 1 Tb/in2 density recording [65][66]. In MO recording, a 
laser beam is focused to a 1 μm spot and heats up the material close to its Curie point 
so that a small external magnetic field can record data in the medium. The coercivity 
of medium at room temperature is generally many thousands Oersteds which ensures 
the stability of the recorded information. 1 Tb/in2 density requires the recorded mark 
size of 25 nm, which requires that the grain size in medium must be less than 5 nm to 
obtain a sufficient signal-to-noise ratio for effective reading. However, the random 
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thermal fluctuations can cause magnetic domain switching and consequent destruction 
of data in a conventional recording with this grain size, due to the superparamagnetic 
limit. For the thermal stability of about 10 years, the anisotropy barrier ratio required 





u               (2.21) 
where: Ku is the uniaxial anisotropy coefficient, V is the grain volume, kB is the 
Boltzmann’s constant, T is the temperature.  
 
According to Equation (2.21), increasing Ku by using harder magnetic materials 
allows further decreases in grain size, hence higher recording densities. However, the 
material coercivity is too high for the magnetic domain switching by the magnetic 
fields from the conventional recording heads. HAMR uses the heat assistance 
technique to heat up the material locally to help the switch. A laser beam heats the 
media during writing to reduce the switching field of the grains, and allows switching 
by the field from the recording head. The medium then cools quickly back to ambient 
temperature to store the data, where its large Ku ensures thermal stability of the data.  
 
  HAMR density has bits very close to each other in the range of 25 nm. The 
conventional laser beam focus system is diffraction limited, resulting in the exposure 
of adjacent bits in track and across tracks. The affected bits are degraded due to the 
thermal flux.  This problem is overcome by using the optical near-field concept. An 
optical head with a sub-wavelength aperture is integrated with the magnetic write head, 
which flies very close to the medium in the near-field range. A laser beam is coupled 
into the optical head and delivered to media surface through the aperture. The laser 
energy is confined locally to achieve high density bits, without affect the adjacent bits.   
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2.7.3 Near-field phase-change optical data storage 
Data density of the optical recording depends mainly on the spot size of light 
source, which is fundamentally limited by the optical diffraction limit. The spot size 
can be reduced by using a shorter wavelength light source, or an objective lens with 
larger NA. The present Blue-ray DVD disc has a high storage capacity of 27 GB. But 
further capacity expansion is restricted by the technical difficulties of the further 
reduction of objective lens NA, and the availability of shorter wavelength light source.  
 
Near-field optical concept has been applied for realizing the ultra high density 
beyond the diffraction limit [67][68][69]. The near-field optical system which makes 
use of the solid immersion lens (SIL), is very attractive for the high density optical 
storage [68]. Using a SIL made from n=1.83 glass, 317 nm spot size is achieved with 
780 nm light, and a 125 nm spot size with blue light.  
 
Super-resolution near-field structure (super-RENS) was first proposed by 
Tominaga in 1998, is another approach to go beyond the diffraction limit for higher 
density [68][69][70][71][72][73][74]. It employs a thin mask layer (Sb) to modify the 
distance between the mask layer and recording layer. The optical near-field concept is 
integrated with the super-resolution techniques into one disk. A small aperture is 
produced in the mask layer and operates as an optical near-field probe similar to a 
NSOM in the readout process. Super-RENS is a new technique for recording and 
retrieving small marks beyond the optical diffraction limit.  
The light scattering mode super-RENS (LSC super-RENS) proposed a new 
mask material by using silver oxide (AgOx) film. The recording layer is Ge2Sb2Te5 
phase change film, whose crystallization temperature (~433 K) is close to the 
Chapter 2 Nanofabrication technology review 
 
41 
decomposition temperature of AgOx layer (433-473 K). During the readout process, 
AgOx is thermally decomposed into a silver particle which is used as a light scattering 
center and produces an optical near-field around the scattering center, which works as 
an aperture-less probe to retrieve and record marks beyond the optical diffraction limit.  
 
2.7.4 Semiconductor memory nanocell 
Semiconductor memories provide certain advantages over the others in that 
they are nonvolatile, high density, high speed, low power consumption and low cost. 
Flash memory is non-volatile, which takes the majority market share of existing 
nonvolatile memory. It stores informations in an array of floating gate transistors, 
called "cells", each of which traditionally stores one bit or multibits of information.  
 
In efforts to increase the capacities, memory feature size is requierd to be 
smaller for high density storage. Feature size is now approaching to sub-100 nm, 
which requres higher resolution lithography techniques. One approach is to use shorter 
wavelength optical lithogaphy by using  193 nm or 157 nm laser. Alternative advanced 
technologies are e-beam lithography  and nanoimprint etc.. Self assembly, eventhough 
is capable to produce small feature, but is not sutable for the fabrication of the discrete 
bit cell located at a precisely designed location of multilayer structures. PCRAM has 
been rcorgnized as one the potential technologies for next generation non-volatile 
memory device, due to the high scalability property [75]. In the second part of thesis, 
we will study the PCRAM nanocell fabrication by using NSOL technology which can 
generate small features with precisely controlled location and distribution. A mix-and-
match technique will be developed to achieve the functional level fabrication processes 
by integrate the NSOL with the conventional photolithography technolgy. 
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Chapter 3  
Self-organized nanostructures in silicon by 
pulsed CO2 laser irradiation  
 
Laser-induced self-organization is one of the bottom-up approaches to generate 
large-scale nanostructures. In this chapter, we discuss the formation of self-organized 
nanostructures consisting of fringes and nanodots which are induced on the silicon 
surface by pulsed CO2 laser irradiation. The specimen structures are specially designed 
to enhance the silicon absorption at the far-infrared wavelength range, of which the 
photon energy is much smaller than the silicon bandgap. Periodic fringe structures are 
formed which is attributed to the so-called laser induced periodic surface structure 
(LIPSS) effect. The LIPSSs can be formed by signal- and multi-pulse laser irradiation. 
Cumulative pulse irradiation can lead to the formation of self-ordered nanodots, which 
is a novel phenomenon and suggests a templated method to precisely control the 
nanodot location. Mechanisms responsible for the silicon absorption in the far-infrared 
spectrum, and the self-ordered nanodot formation are studied.   




The LIPSS is a general phenomenon which is always observed on solid or liquid 
surfaces within certain ranges of laser parameters, and is formed due to the intrinsic 
nature of the laser-material interactions. Mechanisms responsible for the phenomenon 
are attributed to the interference of incident light with surface scattering light caused 
by the scattering centers, e.g. surface defects, roughness, etc., resulting in periodic 
surface melting, and re-solidification to form ripples, as reviewed in chapter 2. 
 
Due to the irreplaceable role of Si in the microelectronics industry, a large 
number of works related to LIPSSs has been carried out on silicon. So far, most of the 
work has employed ultraviolet and visible laser as the light source due to the strong 
absorption of Si in these wavelength regions [1][2][3][4][5][6]. There have been some 
works on the silicon LIPSS structure in the infrared spectrum region, where special 
environmental conditions were required to enhance the silicon absorption [7][8][9]. 
However, the study in the far-infrared spectrum is quite limited [10][11][12][13][14], 
as the pure silicon absorption coefficient is almost zero at room temperature [1].  
 
The primary absorption mechanism in silicon is the electron transition between 
valence and conduction bands induced by the laser excitation. Such transition requires 
photons with energy above the bandgap energy. The bandgap energy of crystalline Si 
is 1.12 eV at room temperature.  The wavelength of CO2 laser is 10.6 µm, with the 
corresponding photon energy of 0.12 eV, which is only about a tenth of the silicon 
bandgap energy. Therefore, the silicon is basically transparent to the CO2 laser beam at 
this wavelength.  
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Although silicon is transparent at the wavelength of CO2 laser, the absorption 
and surface modification were observed. Several possible mechanisms may 
responsible to the absorption enhancement: (i) the presence of free carriers in silicon 
[10][11]; (ii) the increase of substrate temperature [7][10][11]; and (iii) surface 
contamination, e.g. defects, surface plasma and native oxidation [12][13][14].   
 
  In this study, we have developed a novel and convenient technique to enhance 
the silicon absorption and surface modification in the far-infrared spectrum, under the 
irradiation of CO2 laser which is a stable and costless laser source for industry 
application. A special silicon substrate structure was designed by coating the bottom 
surface of the silicon substrates with a thin layer of metallic film or painted it with the 
ink pen. Another method is to put the silicon substrate on an object with high 
absorption coefficient to the CO2 laser beam, e.g. a piece of glass slide. When the CO2 
laser beam irradiated on the silicon front surface, it transmitted through the bulk silicon 
to the interface of the bottom surface and coating layer. The laser material interaction 
occurred at the interface. This interaction enhanced the silicon absorption at the front 
surface, and resulted in surface modification with LIPSS structures. The LIPSSs were 
formed with a single or multi pulses. Over irradiation led to the formation of nanodot 
chains which were self-organized and self-ordered along the ridges of the periodic 
fringes generated during the irradiation by the first few pulses. A method of the self-
templated nanodot formation is suggested.  
 
Mechanisms responsible for the silicon absorption in the far-infrared spectrum, 
and the self-ordered nanodot formation are studied.   
 










Pulsed CO2 laser 
PC 






Figure 3.1 Schematic diagram of experimental setup. 
3.2 Experimental design and setup 
 
The schematic diagram of the experimental system is shown in Figure 3.1. A 
polarized FR excited CO2 laser (Coherent G100) with wavelength of 10.6 μm was used 
as an irradiation source, and operated at the pulse width in the rang of 30-80 μs, and 
pulse frequency of 200 Hz. The laser pulse width and frequency were adjusted by a 
signal generator. The laser beam was delivered by an optical system and focused onto 
the front silicon surface. By tuning the laser pulse frequency and the positioning stage 















The specimens used in the experiments were boron doped p-type single 
crystalline silicon wafers with orientations of <100> and <111> and thickness around 
0.6 mm, with resistivities of 0.01–10 Ωcm. At the low doping level, the transmittance 
is almost 100% at the CO2 laser wavelength. The substrate structure was specially 
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designed by putting the silicon substrate on a piece of high absorptive materials, e.g. 
glass slide as shown in Figure 3.2 (a), or by coating the substrate bottom surface either 
with a layer of Au thin film as shown in Figure 3.2 (b), or with a layer of ink paint of 
marker pen. The bottom surface coating is of critical importance for enhancing the 
absorption of CO2 laser by Si, which eventually led to surface modification. The 
resulting structures were characterized by the optical microscopic observation, SEM 













3.3 Experimental results 
3.3.1 LIPSS structures 
Laser bumps with anisotropic microstructures were induced on the front silicon 
surface by a single pulse of CO2 laser irradiation as shown in Figure 3.3, when the 
bottom surface of silicon substrate was coated with a thin layer of Au thin film or ink 
paint. There was no similar microstructures observed on the bottom surface, where the 
thin Au film was coated. The laser beam was focused on the front silicon surface, with 
spot size 30~80 μm.  
Figure 3.2 Schematic diagram of sample structure designs; a) Si wafer put on a 
glass substrate; b) Si wafer bottom surface coated with Au layer of 20-50 nm. 
CO2 laser irradiation 
Si   
Glass disk substrate 
CO2 laser irradiation 
Au coating 
Si   
(a)       (b) 

























The laser bumps were induced when the laser output was above threshold pulse 
energy of 12 mJ, corresponding to the applied laser pulse width 40 µs at pulse 
frequency 200 Hz. The induced laser bumps had a diameter of about 60 μm, and had a 
Figure 3.3 3D and 2D AFM images of LIPSS structures on silicon surface 
induced by a CO2 laser. 
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protrusion profile at the bump center. The bump surface morphology consisted of two 
types of periodic fringe structures caused by the LIPSS effect: parallel fringes and 
circular fringes. The parallel fringes were observed to have a fixed orientation to the 
laser polarization direction. The circular fringes occurred at the bump center like a 
propagation wave, with the smallest fringe diameter of around 5 μm, and the circular 
fringe spacing decreasing from 2 μm to several hundred nanometers with the increase 
of circular fringe diameter. The circular fringes might be an approval for one of the 
LIPSS mechanism of acoustic wave interference with the incident light. Figure 3.4 
shows the AFM image of the parallel fringes and its profile analysis, with fringe period 















Figure 3.4 AFM images of parallel fringes, and its profile analysis.  
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For the parallel fringes with orientation parallel to the E field of laser beam, the 
period is determined by [15]: 
2
122 )sin( in ϑ
λ
−
=Λ         (3.1) 
where Λ is spatial period of the fringes, λ is the wavelength, θ is the incident angle.  
 
The refractive index of silicon at a wavelength of 10.6 μm is 3.6. According to 
Equation (3.1), the calculated fringe period at the normal incident is about 2.9 μm for 
the fringe orientation parallel to the E field direction, which is consistent with the 
measured value of 2-3 μm from the AFM profile analysis as shown in Figure 3.4. 
 
Figure 3.5 show the SEM images of the fringe structures on (a) the silicon front 
surface, and (b) the cross-section. The formed bumps have a central protrusion surface 
morphology overlapped with fine fringe structures. And, there were not any surface 
modification structures observed by SEM on the bottom surface. The observation 
suggested that the laser interaction occurred at the interface between the silicon bottom 
surface and the coating material, which affected the silicon absorption in the far-
infrared spectrum range at the front surface where the laser beam was actually focused, 
and resulted in the surface modification with the LIPSS fringe structures. However, 
without the bottom surface coatings, we could not observe any features on the front 
surface under the intensive laser irradiation. The phenomenon confirmed two points: i) 
the silicon substrate used in the study was basically transparent to the CO2 laser beam 
and there were no other direct/indirect absorption under high intensity laser irradiation; 
ii) the bottom coatings were critically important and responsible for the silicon 
absorption and modification. The mechanisms will be discussed in the later section.  



















 3.3.2 Evolution of LIPSS structures with laser pulse energy 
The morphology of the modification structures on the front silicon surface 
varies as a function of the incident laser energy, as shown in Figure 3.6, with laser 
pulse energy of 12 mJ, 14 mJ, and 16 mJ. The structures formed at lower laser energy 
level near the threshold consist of parallel fringes as shown in Figure 3.6 (a). The 
parallel fringes are considered to be formed due to the LIPSS effect and orientate in the 
laser polarization direction. The bump surface morphology has a relatively flat surface 
profile as the corresponding AFM image shown in Figure 3.7 (a). At a higher laser 
energy level, the structures were always observed consisting of the parallel fringes 
Figure 3.5 SEM image of the microstructures a) on Si surface, measured on 
bump surface by tuning sample; b) cross section. 
(a) 
(b)
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overlapped on top of the thermal bumps, as shown in Figure 3.7 (b). The thermal 
bumps were formed with a center protrusion due to the thermal capillary wave effect 




















Figure 3.6 Microscopic images of fringe structures formed by CO2 laser irradiation 
by varying pulse energy levels: a) 12 mJ, b) 14 mJ, and 16 mJ.  
(a)            (b)       (c)
Figure 3.7 AFM profile analysis of the fringes formed with laser energy of 
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With the further increase of laser energy, the thermal bump structure dominates 
such that the parallel fringes disappeared in the center irradiated zone, as shown in 
Figure 3.7 (c). Hence, the LIPSS effect dominates at low laser energies (just above 
threshold energy), because the LIPSS surface material melt partially [15]. While the 
thermal capillary wave effect dominates at high laser energy level, and the fringes 
disappeared when the surface melt completely, resulting in the smoothened surface 
after the molten material re-solidified.  
 
3.3.3 Transition from LIPSS to thermal ripples at higher laser power 
 
When laser operated at higher average output power with of the bigger laser 
pulse duration and the higher pulse rate, the discrete bumps joined together and bump 
structures consisted of complex mixture of fringe structure, thermal capillary wave 
structure, and the material ablation droplets. Figure 3.8 shows the optical microscopic 
images of the complex structure and its evolution with the increase of laser output 
power.  The laser power changes by the pulse duration varying in the range of 26-60 
μs, at the pulse frequency of 350 Hz.  Figure 3.8 (a) shows the scan line generated by 
laser pulse duration of 26 μs at pulse frequency 350 Hz. The discrete laser bumps were 
joined together resulting a large area parallel fringes with fringe orientation 
perpendicular to the laser scan direction. This provided a convenient method to 
fabricate grating structures on silicon by using CO2 laser which is one of very stable 
and cost effective laser sources for industrial application. With the increase of pulse 
duration to 28 μs, the thermal capillary wave bumps appeared, and overlapped with 
fringe structures as shown in Figure 3.8 (b).  
 





























Some droplets were generated at laser pulse duration 35 μs, and scattered on 
top of the bump surface and around the scan lines as shown in Figure 3.8 c) and d), 
respectively. With the further increase of laser pulse duration of 45 μs as shown in 
Figure 3.8 (e), the thermal effect became dominated, and the fringe structure 
disappeared at the central potion of the scan line where the laser absorption was high 
Figure 3.8 Optical microscopy images of fringe and thermal ripples evolution with  
the increased  laser pulse frequency of 350 Hz: a) 26 μs; b) 28 μs; c) 35 μs; d) 35 μs 
surrounding areas; e) 45 μs; f) 60 μs.  
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enough to melt the entire surface instead of the periodic melting. The even higher pulse 
duration of 60 μs removed all the fringe structure of the whole bump structure, and the 
thermal capillary structure dominated the whole phenomenon as shown in Figure 3.8 
(f), together with the intensive droplet distribution. And it was noticed that the droplets 
on the bump center were also molten and removed due to the strong thermal effect. 
 
The evolution and transition of the bump structure from the fringes, to the 
mixture of fringes and thermal bump, to the mixture of fringes/thermal bump/droplets, 
and finally to the complete thermal bump without fringes and droplets, presents the 
increased laser absorption as a function of laser energy, and the competition of the 
structure formation mechanisms of LIPSS effect and thermal capillary effect.  
 
 
3.3.4 Fringe orientation v.s.  laser polarization   
Experiments were designed to study the orientation of the parallel fringes, by 
moving the sample stages at a certain angle to the laser polarization direction with is 
the E field direction. Figure 3.9 shows the schematic diagram of sample movement as 
respect to the laser polarization direction, and the optical microscopic images of the 
surface modification results. The sample stage moved in parallel or perpendicular with 
the laser polarization direction E as shown in Figure 3.9 (a) and (b), resulting in the 
scan line in parallel or perpendicular with the E direction, and therefore the fringe 
orientation along or perpendicular to the scan line. Figure 3.9 (c) presents two scan 
lines with scan direction in parallel and perpendicular to each other, and each scan line 
parallel to the E direction. The resulted structures show the two set of fringes normal 
to each other at the cross section.  Figure 3.9 (d) presents an arbitrary angle of scan line 
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with respect to the E direction. The results show a strong dependence of the fringe 
orientations to the laser polarization direction, and in parallel with the laser 























Figure 3.9 Schematic diagram of stage movement relative to the laser polarization 
direction, and the microscopic images of fringe structures with different laser scan 
directions vs. the laser polarization: a) parallel; b) vertical; c) two scan with parallel 
and vertical; and d) arbitrary.  
(a) (b) 
(c) (d) 
Laser E direction 
Laser scan - parallel with E 
Arbitrary direction 
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3.3.5 Cross-grating structures 
Mechanisms responsible for the parallel fringe formation are attributed to the 
LIPSS, when materials melt periodically due to the interference of the scattering light 
with the incident light. Fringes were induced when the incident light had lower energy 
level. The thermal ripples were induced due to the capillary effect dominated at the 
higher energy power, and the fringes were finally removed due to the complete 
material molten when laser energy was sufficiently high. The final structures were the 
results of the competition between these two effects under different laser energy levels. 
From these phenomena, we got some ideas to utilize the dominated effects for some 
designed applications at the different laser energy level. 
   
Experiments were designed to study the possibility to achieve the cross-grating 
structures at the intermediate laser energy level. Both of the thermal effect and the 
LIPSS effect were existed, but dominated at the different laser energy level. The first 
experiment was designed with two scan lines perpendicular to each other, and 
performed by moving sample stage in x-direction under laser irradiation which has y-
direction polarization. The laser pulse energy was 12 mJ, the pulse frequency and the 
stage moving speed were adjusted to obtain discrete bump distribution. The generated 
bumps had the complex structures due to the exist of the two effects, and the parallel 
fringes orientated in y-direction. The samples stage was then tuned with 90° degree, 
and moved again under the second laser irradiation.  The bump surface structures were 
the same as the first scan, but the fringes orientated in x-direction. When the two laser 
bumps from the alternative scans were formed partially overlapped one over another at 
the junction point as shown in Figure 3.10, the first fringes were completely over-
written by the second fringes, due to the relative stronger domination of thermal effect. 
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The second fringes were independent of the previous fringes when the laser absorption 
was sufficient to course the material molten, and erased the previous fringes. The 
observation suggested an application of dynamic gratings, of which the fringe 
orientation of the previous bump can be completely erased and changed to another 
















However, the previous fringes cannot be completely over-written at lower laser 
energy when the LIPSS effect dominated. The crossed-grid patterns were created by 
the two overlapped fringes with their fringe orientations perpendicular to each other. 
The horizontal fringes were first generated at the laser energy level of 7.9 mJ, and the 
perpendicular fringes were then generated at the laser energy level of 7.2 mJ. Figure 
3.11 presented the microscopic image with the non-uniformity of the whole bump 
surface resulting from the Gaussian shape of the laser beam profile. Figure 3.12 shows 
the zoom-in 3D AFM image of the crossed-grid pattern. The average fringe periods for 
the horizontal and vertical fringes are 1.7 μm and 1.3 μm respectively. The horizontal 
Figure 3.10 Optcial microscopic image of laser bumps overlapping formed under 
laser irradiation with intermediate energy, scanning in x- followed by y-direction. 
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fringes have the average height of 0.06 μm and width of 0.3 μm for the horizontal 
fringes, and the perpendicular fringes have height of 0.1 μm and width of 0.5 μm. It is 
believed the crossed-grid pattern is attributed to the periodic material melting and re-

























Figure 3.11 Optical microscopic image of bumps overwrite by two laser 
scanning in directions perpendicular to each other. 
Figure 3.12 AFM image of the crossed-grid fringes by laser overwriting. 
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3.3.6 Self-organization and self-ordering of nano-islands 
 
The fringe structures can be generated by the single pulse and multi-pulse 
irradiation. Under the cumulated irradiation, the previous fringes were over-written by 
the later pulses at the high laser energy level, or can only be modified to form a more 
complex structure at the lower energy level. We found that the nanodot islands were 
formed under the multi-pulse irradiation with the moderated laser pulse energy as 
shown in Figure 3.13. The bump structures with parallel and circular fringes were 
generated by the singe pulse energy of 14 mJ, as shown in Figure 3.13 (a). Nanodots 
were generated by multi-pulses with the pulse number of 5, at the same singe pulse 
energy level.  Theses nanodots have the diameter of 100-200 nm, and the height of 12-
25 nm. It was interesting to find that all nanodot islands located on the top of the fringe 
ridges, and aligned in chains along the parallel and circular fringes which were formed 
due to the LIPSS effect by the single pulse. 
 
It is also interesting to observe that the island spacing along the parallel fringe 
chains equates to the circular fringe spacing of 500 nm and decreases with the increase 
of circular diameter. The island spacing along the circular fringes is around 300 nm in 
average, and there are voids in some locations. The nanodot islands self-ordered on the 
fringe template in a related longer range. The strong ordering along the parallel fringes 
comparing to the circular fringes can be observed as the chains appear more favorably 
on most of the joins of the parallel and circular fringes. This observation suggested a 
mix-and-match technique by the combination of the laser-induced self-organization 
and self-ordering with conventional lithography, which can be used to fabricate 
nanodots with controllable nanodot location and distribution in larger area scale.      
 



























 Figure 3.13 AFM images of (a) microfringe bump; zoom-in images of nanocones 
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3.3.7 Nanocone structures 
Under multipulse irradiation with even larger pulse number, the nanocone 
structures were generated as shown in Figure 3.14. The nanocones were found in the 
valley of the fringes where the materials temperature is relatively lower than the fringe 
ridges. The pulse duration was 40 μs corresponding to pulse energy of 14 mJ, and the 
pulse number was more than six. The nanocone array consists of nanocones with two 
different average sizes, and only shows short range ordering. The larger cones were of 
200 nm in diameter and 10 nm in height, and distributed in rows. The smaller cones 
have diameter and height of 70 nm and 2 nm respectively, and scatter between the two 
adjacent rows of the larger cones.  After irradiation of a solid with a large number of 
laser pulses, surface is not usually flat, but important roughness can be found due to 
the formation of a distribution of cones. It is generally thought that there are 
microscopical local areas impurities, different chemical composition more resistant to 











 Figure 3.14 Nanodot array consisting of two group nanodots of different size. 




3.4.1 Silicon absorption in far-infrared spectrum 
 
Mechanisms responsible for the phenomenon of silicon absorption and surface 
modification in the far-infrared spectrum were quite complex in the case of our 
experimental study. Silicon is basically a wide bandgap semiconductor to the CO2 
laser with wavelength 10.2 μm. The photon energy is only 1/10 of the silicon bandgap 
energy; therefore, the silicon absorption and surface modification is almost impossible.  
 
Some studies presented the silicon absorption in infrared spectrum. It is 
considered that the infrared absorption in silicon is dominated by three components as 
shown Equation 3.6, in which the other absorption mechanisms, such as impurity 
absorption have been ignored for simplicity in the pure silicon substrate[7][8]. The 
interband absorption is not possible because of the wide bandgap of silicon. Therefore, 
it is believed the silicon absorption coefficient is enhanced due to the thermal energy 
and the increase of the free-carrier concentration.  
LFCBG αααα ++=        (3.6) 
where: αBG is interband absorption, αFC is intraband free-carrier absorption, and αL is  
lattice absorption 
 
In our studies, the experimental results presented that there was no surface 
modification appeared when the silicon substrate was free from any paintings/coatings. 
Therefore, the contribution of the intraband absorption and lattice absorption can be 
ignored also for the blank silicon substrates. However, when the silicon bottom surface 
was coated with a thin layer of paintings/coatings, the laser material interaction at the 
bottom surface generates extra hot electrons resulting in the increase of free carrier 
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concentration, and the extra thermal energy. The generated free carriers and thermal 
phonons by the laser pulse at the early stage, diffused to the front silicon surface within 
the pulse duration of several tens micron seconds which was sufficiently long for the 
diffusion. The absorption coefficient was increased; the surface was modified during 
the later stage of the pulses. The equation (3.6) is modified as: 
LFCLFCBG αααααα ′+′+++=      (3.7) 
where: α′FC is the induced intraband free-carrier absorption, and α′L is the induced 
lattice phonon absorption. 
During the laser irradiation processes, the laser beam transmitted through the 
silicon and reached the bottom surface, where the laser beam interacted with the 
coating materials at the early stage of laser pulse. The free carriers were generated, 
which then diffused in the bulk material and transferred to the front surface. The free 
carrier concentration increased within the pulse duration as the long laser pulse width 
was sufficient as being compared with the free carrier diffusion rate in picoseconds. 
The avalanche effect might also happen and contribute greatly to the concentration 
increase at higher laser energy level. The absorption caused by the lattice vibration 
increased with the silicon temperature. Whereas, the single pulse energy may not be 
sufficient for the bulk material temperature increase; and also thermal diffusion is 
normally a slow process. The concentration increase of the free-carriers is considered 
to be the dominant mechanism responsible for the total absorption enhancement. 
However, when irradiated by the increased laser energy or pulse number, the thermal 
effect was more obvious and eventually dominated. In summary, we believed that the 
far-infrared absorption of silicon on the front surface was enhanced by the laser 
material interaction at the bottom surface, where was coated with a layer of think film 
as in our specially designed substrate setup.  
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3.4.2 Mechanisms of LIPSS  
It is believed that the mechanisms responsible to LIPSSs are attributed to the 
interference of incident light with surface scattering light, which cause periodic surface 
material melting and re-solidification and form fringes. Our study results on the 
crossed-grid structures presented the first fringe were periodically suppressed by the 
second fringes in perpendicular orientation. The phenomenon perfectly agreed with, 
and further approved experimentally the proposed mechanisms as reviewed earlier in 
chapter 2. 
3.4.3 Mechanisms nanoisland self-organization and self-ordering 
The nanoisland and the nanocone structures have been reported to be formed 
by cumulative laser pulse ablation in nano-seconds [16][17][18][19]. It is generally 
thought that there are microscopical local areas more resistant to ablation and they are 
ablated more slowly than the surrounding material. The self-organized nanocone 
structures are generated under cumulative laser irradiation, but with longer laser pulse 
irradiation and less photon energy. The self-ordering phenomena in our study 
presented that the nanocone islands located on the top of the fringe ridges and aligned 
in chains along the parallel and circular fringes. The stronger arrangement along the 
parallel fringes as being compared with the arrangement along the circular fringes 
were  observed as the nanoisland chains appeared more favorably on most of the joins 
of the parallel and circular fringes. The islands were pattern-induced nanostructures 
and depend strongly on the surface morphology.  
 
Figure 3.16 shows the nanodot island with diameter of around 100 nm, and 
height of 30 nm, respectively. Mechanisms responsible for the nanodot grow and 
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location may be attributed to the lower dimension confinement of the laser absorption 
and interaction due to the local surface morphology. For the fringe structures, the laser 
absorption is stronger on the top surface than the surrounding area, and the laser 
material interaction occur dominantly on the top flat surface. And also, the surrounding 
molten material will be driven up to the island because of the capillary effect.  From 
the energy point of view, the minimum in the free energy of the island ensembles the 
stabilization of the particular island size and distribution. The phenomenon provides a 








The mechanisms responsible for the low dimensional quantum structure growth 
have attracted much attention [21][22][23]. One approach to spatially control the 
islanding is to combine the nanodot self assembly with the lithographic patterning. The 
substrate surface were lithographically patterned and provided a template to control the 
nanodot locations, which is an effective method for the position control of self-
assembled quantum dots as shown in Figure 3.16. Ge islands were deposited on the 
raised Si plateaus with well-defined sidewall facets. The preferred positioning of the 
islands near the pattern edges can possibly be attributed to the kinetics of nucleation or 
to reduced strain energy at the Si plateau edges. Self assembly can be used to decrease 
the dimension of lithographically defined features from one dimension to quasi-zero 
Figure 3.15 AFM profile analysis of nanoisland self-ordered on microfringes. 
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dimensions. Our studies presented the one dimensional template by LIPSS fringes, 










3.4.4 Applications for optical gratings  
The diffraction gratings are most commonly realized with the fine parallel and 
equally spaced grooves on the material surface. The grating components are normally 
fabricated by photolithography. Another method uses a photosensitive gel sandwiched 
between two substrates. A holographic interference pattern exposes the gel which is 
later developed. These gratings, called volume phase holography diffraction gratings 
have no physical grooves, but instead a periodic modulation of the refractive index 
within the gel. This removes much of the surface scattering effects typically seen in 
other types of gratings. These gratings also tend to have higher efficiencies, and allow 
for the inclusion of complicated patterns into a single grating. Semiconductor 
technology is also utilized to etch holographically patterned gratings into robust 
materials as fused silica. In this way, low stray-light holography is combined with the 
high efficiency of deep, etched transmission gratings, and can be incorporated into 
high volume, low cost semiconductor manufacturing technology. 
Figure 3.16 AFM images of Ge islands ordered on the 450 nm wide Si line near 
the edges of the Si plateau, and corresponding schematic cross section [23]. 





Our experimental results presented the parallel fringes with periodical 
structures. The fringe period was in the sub-wavelength scale. The results show a 
potential application for the fabrication of grating components. An experiment was 
designed to study the capability for the generated fringes to be used as the diffrative 
gratings. Figure 3.17 shows the reflective images of the parallel fringes irradiated by 
He-Ne laser. The resuls presented  the diffractive grating images generated by the 
parallel fringes and the crossed-grid fringes. The laser direct writing technique 
provides a very easy method to produce grating structures. However, the self-organised 
















 Figure 3.17 Grating structures generated by slef-organized fringes in Si of a) 
parallel fringes, and b) cross-sectioned fringes, under He-Ne laser irradiation. 




Self-organized structures were induced by CO2 laser direct writing, and 
consisted of the LIPSSs with the parallel and circular fringes with fringe period in the 
sub-wavelength range. And the parallel fringes orientated in parallel with the laser 
polarization direction. At higher laser energy, the final modification structures were the 
competition result between the LIPSS effect and the thermal capillary effect. These 
two effects dominated at different laser energy level, therefore, the final structures 
depended highly on the laser energy.  
 
The nanodote chains were self-organized under multi pulse irradiation, and 
self-ordered along the ridges of the periodic fringe structures which were generated 
during the first several pulse, and thereafter provided a template for the nanodot 
formation. The self-templated nanodot formation mechanisms were studied, which 
suggested a hybrid nanofabrication method by the combination of top-down and 
bottom-up technologies. Mechanisms responsible for the self-organized and self-
templated nano islands were attributed to the low dimension confinement, caused by 
surface morphology or surface stress energy. 
 
Even though the silicon is a wide bandgap material, we especially designed an 
experiment setup to enhance silicon absorption at far-infrared spectrum, by coating a 
thin metallic film at the silicon bottom surface, or put the silicon on an object of good 
absorptive material. The front silicon surface can be modified with fringe structures, as 
well as thermal ripple structures at the high laser energy level. Mechanisms responsible 
for silicon absorption are attributed mainly to the free carrier concentration increase 
promoted by the laser material interaction at the bottom substrate surface. 
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Chapter 4  
Development of a femtosecond laser direct 
writing tool in optical near-field  
 
As we discussed in Chapter 3, the self-organization technique can achieve the 
molecular/atomic scale nanostructures, but has challenges in position and uniformity 
control. In this chapter, we describe a technique which is useful for device fabrication 
when being integrated in a mix-and-match mode with the lithography techniques. The 
technique which we have developed is based on the femtosecond laser direct writing in 
the optical near-field, implemented on a commercial NSOM system. Hereafter, we 
refer this technique to as the near-field optical lithography (NSOL).  
 
The chapter will start with the introduction of two main equipments, followed 
by the system integration for the optical near-field nanofabrication. Structures with 
sub-wavelength features are fabricated by the developed technique. The smallest 
feature size achieved is 20 nm, which is far beyond the diffraction limit. The geometry 
of the fabricated nanostructure depends mainly on three process parameters, which will 
be studied experimentally, and theoretically based on the Bouwkamp simulation model. 
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4.1 Main equipments 
4.1.1 Near-field scanning optical microscope 
NSOM allows the inspection of optical information at resolutions well below 
the optical diffraction limit. It offers a unique method for the optical characterization 
of the material in the nano-regime, thereby offering new insights into structural and 
chemical properties at nanoscale. Figure 4.1 shows the general optical configuration of 
a NSOM system that consists of several functioning components and sub-systems: 
laser source, laser beam delivery optics with a fiber probe, PZT stage with feedback 
control circuitry, CCD camera and its vision optics, PMT optical signal inspection and 
software for system control and automation. The NSOM fiber probe with an opening 
aperture of 50–80 nm can be used either as a nanometric light source to illuminate the 
sample (illumination mode) or as a collector to collect optical near-field information 





 In addition to the necessity of having a small aperture, the probe tip must be 
very close to the sample, typically <10 nm, so as to obtain high-resolution images. The 
small tip-sample separation distance can be realized easily using a feedback control 
circuit which is commonly used in the SPM system. The distance control is currently 
Figure 4.1 Optical path of the NSOM system [1].
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Figure 4.2 Photo image of the central optics of the commercial NSOM system 
(Aurora-2TM Vecco).   
achieved using a shear-force mechanism of the tuning fork. With this technique, the 
probe tip is attached to a vibrating element, the tuning fork, which is driven at its 
resonant frequency and vibrates parallel to the surface. As the probe tip approaches the 
object surface, the vibration amplitude and phase will change accordingly, which will 
be used as the input signal of the feedback loop to control and maintain the distance of 
probe and surface. In this study, the commercial NSOM Aurora-2TM Veeco system was 
selected as shown in Figure 4.2, which has an open architecture allowing the 
modification and re-configuration of the optics, and also the integration with external 
devices, e.g., laser sources. In this study, femtosecond laser was employed due to its 






A typical NSOL setup consists of an NSOM system, and a nanolithography 
software package. The software is normally written in Visual Basic™, and allows 
further customization. The SPMTools software package (Aurora-2TM Vecco) allows 
users to develop lithography programs for specific applications, and also allows 
integration control to the external devices coupled with the NSOM system.   
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4.1.2 Femtosecond laser system 
The femtosecond laser (fs laser) requires three essential elements [2]. First, the 
gain medium must have a wide emission bandwidth due to broadening of the ultrashort 
pulse in the frequency domain. Second, some mechanisms are required to compensate 
the dispersion in the laser cavity. Because the group velocity in the cavity is frequency 
dependent, an initially short pulse tends to spread in time because the different 
frequency components travel at different velocity. Typically a prism pair is used to 
compensate this dispersion [3]. Finally, there must be some mechanisms that make the 
laser run in a pulsed mode. Essentially, all the different frequency components 
supported by the laser cavity must add constructively to produce a pulse, which is 
known as mode-locking. Figure 4.3 shows the schematic layout of a femtosecond laser 
system (Spectra-physics). The Millennia laser λ = 532 nm pumps the CW mode-
locked Ti: Sapphire laser, producing laser output with the pulse width of 100~130 fs, 
the frequency 85 MHz and the average output power 800 mW at wavelength of 800 
nm. The second harmonic beam output power 3.5 mW at wavelength of 400 nm. The 
Spitfire which is pumped by a frequency doubled Evolution Nd: YLF laser, stretch, 
amplify and then recompress these short pulses to achieve a power of 600 mW at the 
repetition rate of 0~1000 Hz.  The regenerative mode-locking based on an acousto-
optic modulator is used to force all the different longitudinal modes of the laser to have 
the same phase at one point in the cavity.  This allows the modes to interfere 
constructively, producing very short pulses with high peak power. 
 
The modern femtosecond laser systems are more reliable and easier to use than 
before, which is attributed to the use of Ti: Sapphire as the gain medium. The Tsunami 
femtosecond laser contains the Ti: Sapphire rod and optics in the resonator cavity, as 
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Figure 4.4 Cavity Layout of Tsunami femtosecond Laser. 
shown in Figure 4.4. The 532 nm pump beam from the Millennia laser passes through 
the input Brewster window and arrives at P1, which directs the pump beam onto the 
center of P2, M2 and M3 center and focus the cavity beam waist in the Ti: Sapphire 
rod. The infrared beam generated by Ti: Sapphire rod is folded by M4 and M5 to make 
the laser compact. The four prisms Pr1, Pr2, Pr3 and Pr4, are used to create negative 
GVD (group velocity dispersion) to compensate for positive GVD. Then the bean 
without chirp is directed through M8 and M9 and enters into AOM (acousto-optic 
modulator) which insures an 82 MHz nominal mode locking light in the Tsunami laser 
at start-up. M10 is an output coupler which allows a small percentage of light to pass 
through as the output beam, while M1 is a high reflector which reflects all laser light 

















Figure 4.3 Layout of Spectra-physics femtosecond laser system. 
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4.2 Development of NSOM/fs laser combination system 
Alternative lasers with different wavelength, output energy, pulse duration and 
frequency, can be integrated with the NSOM system to achieve various applications as 
shown in Figure 4.5. The femtosecond laser combination with NSOM has been 
attracted many studies, as two extreme conditions can be achieved with the integration 












Numerical simulations of the fs laser propagation in the fiber glass and 
delivered laser intensity were reported to investigate the nonlinear properties of the 
ultrafast laser in optical near-field [4][5]. The high peak but moderate average power 
of fs laser provides a sharp threshold energy profile, which is one of the advantages 
benefiting the nanostructure generation in optical near-field. It is expected to achieve 






100fs laser 800/400 Nd YAG laser 1064/532/355 UV laser 325/248 
Figure 4.5 Integration of NSOM with various laser sources. 
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Many factors were considered in the system integration, e.g. laser wavelength 
required for material absorption, laser transmission mode and efficiency in the specific 
optical fiber, laser coupling coefficiency with the probe fiber, and the laser output 
power/energy. Lasers of high peak power were required for the surface modification. 
However, the optical breakdown of the fiber material coursed by the high peak power 
should be avoided in the optical coupling process, especially for the fs lasers.  
 
In this study, a femtosecond laser with a second harmonic wavelength at 400 
nm was used as the laser source, in order to pattern UV photosensitive polymer 
materials. Figure 4.6 shows the integrated system, with the fs laser optically and 
electronically coupled with the commercial NSOM. The NSOM equipment had an 
open architecture which allows the external laser beam to be coupled into the optical 
probe tips and delivered onto the substrate surface through the optical fiber probes with 
an open aperture of 50–80 nm in diameter. The laser power at the probe input was 
around 0.1-0.3 mW, measured by a lower energy meter. The second harmonic laser 
(λ=400 nm) operated at 82 MHz with average output power around 40 mW. An optical 
attenuator was applied to adjust the laser energy before coupled into the optical fiber. 
The delivered energy at the probe tip was inspected by the NSOM transmission or 
reflection mode objective lens and real-time inspected by the PMT under a certain bias 
voltage level. The sufficient delivered energy from the fiber tip aperture was required 
for surface modification. However, the input energy at the laser to fiber coupling point 
cannot be too high, so as to avoid the material breakdown of the fiber glass. The 
estimated output power at the probe tip is around 10-4–10-5 mW if we consider the 
laser to fiber coupling efficiency of 10-1, and the throughput efficiency of the fiber tip 
of 10-3–10-4. The delivered energy was controlled by laser output and attenuator. 
















The electronic coupling of the fs laser with the NSOM was achieved by a 
trigger signal controlled by NSOL software. The trigger signal can either trigger the fs 
laser output or activate the solenoid switch that was installed in the coupling optical 
path of the laser to NSOM. The laser pulse can therefore be synchronized with the PZT 
movement, and also the PMT inspection. Various patterns required by the specific 
application can be controlled and programmed by the SNOL software. 
 
4.3 Development of nanofabrication processes 
The nanofabrication processes involves four main four steps: 1) Sample 
preparation, 2) NSOL exposure, 3) Pattern transfer by wet/dry etching, and 4) AFM 
characterization. In the following section, we describe briefly each of the process steps.  
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4.3.1 Sample preparation 
The sample preparation started with the coating of a thin resist layer on the 
substrate. The industrial standard photoresist ma-P 1205 (Micro Resist Technology), 
was used, but need some minor modification due to the specific requirement in the 
near-field patterning. The photoresist was normally thinned to reduce film thickness, as 
required for the high resolution NSOL exposure and the effective pattern transfer. A 
thin layer of hexamethyl disilane (HMDS) primer was required as a buffering layer at 
the interface of substrate surface and photoresist. The photoresist was coated on a 
cleaned SiO2/Si substrate surface by a spin coating, with the designed recipes. 
Photoresist preparation recipe 
1) Photoresist thinning: Photoresist (ma-P1205) : thinner (ma-T 1050) =1:5, by weight 
measured by weighing scale, resulting in 40nm PR thickness; 
2) Shake the beaker in order to mix thoroughly; 
Photoresist coating processes  
1) Surface preparation: acetone cleaning, DI water rinse, and N2 drying; 
2) Pre – baking for wafer surface dehydration: 180oC for 3 min 
3) Wafer priming: HMDS coating at 6k rpm for 30s; 
4) Soft-baking: 85-90oc for 30min; 
5) Photoresist coating by a spin coater: speed 6K rpm for 45s, for 30 nm thickness; 
6) Post-baking: 100oC for 2 min. 
Photoresist development process and recipe 
1) Exposed samples were developed by the photoresist developer (ma-D 331), which 
is the corresponding developer to the photoresist (ma-P1205); 
2) 20 seconds with a shaking beaker; 
3) Rinse by DI water, and blow dry by purified N2. 
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The HDMS primer deposition was applied at the interface of silicon surface and 
photoresist for good adhesion. The photoresist had a very thin layer of 30 nm, which 
did not have sufficient resistance to the lateral force generated by the tip damping force 
when the distance between the probe aperture and the substrate surface was reduced, 
which was much lower than that required in the normal imaging process. When the tip 
approached and damped in approximate to the substrate surface, the damping force 
would cause the local deformation of the photoresist film.  And the damage would then 
result in the abrasive surface morphology, if the adhesion was poor. In the worse case, 
the coatings at the NSOM probe tip aperture would have a high risk of damage. 
 
4.3.2 Nanopatterning by NSON/fs laser exposure 
The prepared samples of PR(30)/SiO2(30nm)/Si(600nm) were exposed by the 
NSOM/fs laser integrated system, to generate nanopatterns on photoresist surface. 
There were three main experimental parameters which affected the feature resolution: i) 
the near-field distance controlled by NSOM setpoint, ii) the laser delivered energy 
controlled by the fs laser output and inspected by the PMT, and iii) the laser exposure 
time controlled by NSOM trigger delay time and its scan speed. These parameters 
were studied to find the optimized values. 
 
The distance of probe tip to the substrate surface was brought within the near-
field distance when the tip was engaged and controlled by the NSOM setpoint of 
negative value. The closer the setpoint to the zero point level referred to the closer 
distance of the probe to the substrate surface, which was required for high resolution 
patterning. The near-field distance was therefore controlled by NSOM setpoint and 
maintained by PID feedback control. During the NSOM operation processes, the probe 
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tip was brought into engaged to the surface with the approximate distanced controlled 
by the setpoint current. In order to get into smaller near-field distance, the setpiont was 
adjusted gradually toward zero level. The stable feedback was maintained during the 
manual adjustment, which requires the dynamic PID parameter matching accordingly.  
 
4.3.3 Pattern transfer 
In CMOS industry, the pattern transfer process can be accomplished by one of 
the two techniques: lift-off and etching [7]. For the lift-off technique, there are two 
common disadvantages which are especially serious for nanostructure transfer: a 
rounded feature profile and temperature limitation. The etching technique has two 
methods: dry and wet etch. Most of the wet etching are isotropic and result in the 
undercut of the mask or narrowing of the feature. Dry etch methods include plasma 
etching, reactive ion etching, sputtering, ion beam etching, and reactive ion beam 
etching. The most popular methods used in the existing semiconductor industry are 
plasma and reactive ion etching (RIE), which are expected to produce anistropic 
etching with some degree, and result in better vertical profile.  
 
In our processes, the wet chemical etching was selected for the pattern transfer 
from the patterned photoresist to the SiO2 layer. The high isotropic characteristic of 




VA −= 1          (4.1) 
where A is the degree of anisotropy, Vh is the horizontal etch rate and Vv is the vertical 
etch rate. Isotropic etching represented by A=0 and anisotropic by A=1. 
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From the equation (4.1), the over-etch problem was not serious when the 
vertical dimension of the patterned structures was small, resulting in less among of 
enlargement of the lateral dimension. In our experimental design, the SiO2 layer 
thickness was around 30 nm, but cannot be too thin to avoid the failure of dielectric 
function. The lateral dimension of the fabricated nanostructure was around 100 nm. 
SiO2 can be etched by aqueous fluoride solutions, usually HF with or without the 
addition of NH4F. NH4F, which was used to control the PH value and prevents 
depletion of the fluoride ions, and thus maintaining a stable etching performance.  The 
buffered HF 40% had the ratio of HF: NH4F=1:5 by volume, and diluted with DI water 
to get lower HF concentration. The etching ratio was very slow for the ease of etching 
time control, in order to reduce the over etching and therefore control the isotropy 
effect. The capillary effect of the nanostructure to the liquid solvent might also benefit 
the control of the etching process. We have developed a wet etching recipe, and the 
fabricated nanostructures on photoresist were copied to SiO2 layer successfully, 
without obvious changes in the nanostructure geometry and dimensions of sub-100nm.   
Wet etching process and recipe   
1) Measure 190 ml DI water into a plastic bottle; 
2) Measure 10ml Buffered HF (40%HF: 40%NH4F = 1:5 by volume) using plastic 
measuring cylinder, pouring it into the above plastic bottle. HF ratio = 1: 119; 
3) Shake the plastic bottle for fully mixing; 
4) Pour the solution into a small plastic beaker; 
5) Dip the sample into the solution for 70-90s ( for SiO2 sample with 30nm thickness); 
6) Immediately put the sample into DI water; 
7) Drying the sample with N2, bake 3mins at 100°C. 
 




Sub-100 structures were fabricated on SiO2 substrate with thickness of 30-50 
nm, and characterized by AFM. When nanostructures dimensions and geometry were 
comparable to the AFM probe tips, AFM tip effects need to be considered. Figure 4.7 
show the AFM images of the nanocell structure with dimensions of sub-100nm, with 
cell diameter at the bottom of 70 nm and depth of 20 nm. Figure 4.7 (a) shows the 
ghost image of the AFM triangle probe shape resulting from the poor tip aspect ratio of 
the normal AFM probe tips. Figure 4.7 (b) shows the high resolution image and 















We have developed an integration system of NSOM and fs laser for non-
diffraction limited nanopatterning. The nanostructure fabrication process and recipe 
Figure 4.7 AFM images of nanocells with cell diameter of 70 nm at cell bottom, 
and depth of 20 nm, measured by a) normal probe, and b) supper sharp probe. 
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have been developed with the consideration of nanoscale engineering techniques. The 
summary of the fabrication processes and the recipes is shown in Table 4.1. 
Table 4.1 Summary of NSOL fabrication processes and recipe 
Substrat P-type Si wafer (0.5mm) 
SiO2 deposition SiO2 with thickness 30nm  
resulting experiment samples of PR 45nm/SiO230nm/Si 
Photoresist 
coating 
∗ Pre-Bake: 180°C, time: 3 minute   
∗ HMDS coating  
∗ Bake: 85 - 90°C with 30 minutes 
∗ Photoresist prepare: PR (ma-P 1205) : thinner (ma-T 1050) 
=1:5, by weight 
∗ Spin coating rate: 5000 rpm,  
   Time: 45 s, estimated thickness: ~ 45nm 





Main parameters and control: 
∗ Exposure energy inspected by PMT 
∗ Exposure time controlled by optical solenoid through 
lithography software 
∗ Near-field distance controlled by NSOM setpoit 
∗ Scan speed by lithography software  
PR development developer: ma-D 331, Time: 20 s 
Characterization AFM before pattern transfer 
Pattern transfer 
by wet etch 
HF dilute recipe and process parameters: 
∗ Measure 190 ml DI water into a plastic bottle; 
∗ Measure 10ml Buffered HF (40%HF: 40%NH4F = 1:5 by 
volume) using plastic measuring cylinder, pouring it into the 
above plastic bottle, result in a low ratio for the etching 
speed control. The calculated HF ratio = 1: 119; 
∗ Shake the plastic bottle for fully mixing; 
∗ Pour the solution into a small plastic beaker; 
∗ Dip the sample into the solution for 70-90s ( for SiO2 
sample with 30nm thickness); 
∗ Immediately put the sample into DI water; 
∗ Drying the sample with N2, bake 3mins at 100°C. 
Characterization AFM after pattern transfer 
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4.4 Nanostructures fabricated by the NSOM/fs laser assembly system 
4.4.1 Various nanostructures 
Non–diffraction limited nanolithography has been developed with the system 
integration of NSOM/fs laser and the fabrication processes. Nanostructures with 
various geometries and dimensions were fabricated, which demonstrated the high 
resolution and the high flexibility of the developed technique for various device 
applications. The optimization of the complex process parameters was required. Three 
main parameters were controlled in the process: i) NSOM setpoint which controlled 
the distance of tip to surface, representing the near-field distance; ii) laser power 
coupled into the probe fiber which was one of the factors to determine the exposure 
energy, and iii) exposed time controlled by the pulse delay time of trigger signal for 
the optical shutter, which was another factor to determine the exposure energy. The 
exposure time was controlled by the scan speed during the continuous line exposure. 
 
Figure 4.8 shows the parallel line structures which were generated by the 
developed NSOL. The sample had the layered structures of photoresist (500 nm)/SiO2 
(45 nm)/Si wafer. During the exposure process, the NSOM probe scanned on the 
photoresist substrate surface, and operated at the setpoint -9.8 nA which was manually 
adjusted after the auto-approach, and the scan speed of 4 μm/s. The femtosecond laser 
power was below 0.05 mW as measured by the low energy power meter at the optical 
path before the laser beam being coupled to the NSOM probe fiber. The line structures 
were designed and programmed by the NSOL software. The patterned resist surface 
was achieved after the photoresist develop process. The line structures as shown in 
Figure 4.9 have the dimensions of line width of 300 nm, and line depth of 112 nm, 
respectively. The orthogonal grating structures as shown in Figure 4.10 were generated 
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by NSOL scanning in two directions under the lithography software control. The laser 
























Figure 4.8 AFM image of nano-line structure generated on photoresist with 
NSOM setpoint -9.8nA, and scan speed 4μm/s, the laser power below 0.01mW 
before coupled to the NSOM probe. 
Figure 4.9 AFM profile analysis shows the nano-line dimensions of 300nm in 
line width, and 112 nm in depth. 




























Figure 4.10 AFM image of orthogonal nanostructure generated by laser 
power of 0.05 mW, scan speed 6 µm/s, set point -12.9 nA. 
Figure 4.11 AFM profile analysis of orthogonal structure with line width and 
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It is noticed from Figure 4.11, that the depth at the intersection points exhibits 
an almost 200% increase in the both width and depth, which is due to the two time 
exposures of the x and y scan lines. Along the two measurement line profiles, the line 
width is 71 nm and 152 nm, and the depth is around 14 nm and 30 nm, respectively. 
 
Figure 4.12 shows the nano-island structures which were generated by two 
direction line scans with the same lithography software program as in Figure 4.11. 
However, the photoresist surface was over exposed with higher laser energy, resulting 
in wider line width, and deeper line depth. The round edge of island was the result of 













Figure 4.13 shows the nanocell array fabricated on the substrate of photoresist 
(PR 40 nm)/SiO2 (45 nm)/Si. The main experimental parameters were: NSOM setpoint 
-13.0 nA; laser power around 0.1 mW; laser pulse delay 100-500 ms. The AFM profile 
Figure 4.12 AFM image of nano-island structure generated by two direction scan, 
with over exposure process conditions. 
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analysis as shown in Figure 4.14 shows the nanocells dimensions of cell diameter 
175.8 nm, and depth 44.5 nm, respectively. The flat cell bottom and vertical scale 























Figure 4.13 3D AFM image of nanodot array fabricated by NSOL on substrate: 
PR(40 nm)/SiO2 (45 nm)/Si, with: setpoint -13.0; pulse delay 100-500 ms.  
Figure 4.14 AFM profile analysis of the open via cells on photoresist, with 
dimensions of cell diameter 157 nm, and depth 44.5 nm.
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4.4.2 Effect of the optical near-field distance 
 It is known that the optical near- field distance is critically important to achieve 
the high resolution nanostructure with feature size beyond the optical diffraction 
limitation. In the NSOL writing, the distance of probe tip with the substrate surface 
was controlled by controlled by the NSOM setpoint value, and maintained constantly 
through the PID control for feedback loop. 
 
 In NSOM operation, the ‘false feedback’ operation skill was used to bring the 
probe tip into the feedback with the selected NSOM setpoint value, which was in the 
range of -10 nA to -20 nA for normal imaging. In the nanoprocessing, the setpoint was 
adjusted manually after tip approached, in order to obtain a smaller distance of tip and 
sample to be within 10 nm and even lower. The less negative setpoint refers to the 
small distance of the near-field distance. The ‘defocusing’ effect associated with the 
increased tip-sample separation is shown in Figure 4.15. The sample had the structures 
of PR(500nm)/Si. The NSOM probe engaged at the setpoint of -12.5 nA, and was 
adjusted down to -9.2 nA, -9.8 nA, and -10.8 nA, respectively, which corresponding to 
the near-field distance increase. The dimensions of line structures varied as a function 
of setpoint. The lateral dimension increased with the decrease of setpoints, from 200 
nm to 410 nm, and the depth decreased from 164 nm to 15 nm. The line aspect ratio of 
line depth and line width for Figure 15 (a) was the best, presenting a high resolution 
structure at smaller near-field distance. The decreased resolution was attributed to the 
bigger near-field distance. No structure can be created when the NSOM setpoint 
decreased further down to -20 nA, at which the laser intensity was below the threshold 
intensity required for surface modification, due to the fast decay of laser electric filed 
with the near-field distance. 

























 The line dimensions as a function of NSOM setpoint were shown in Figure 
4.16. With the decrease of setpoint current, correlating to the increase of near-field 
distance, the line width increased and line depth decreased, respectively. The results 
Figure 4.15 a) 
 
NSOM setpoints: -9.2nA 
 
Line dimensions: 
Width: 200 nm 





NSOM setpoints: -9.8 nA  
 
Line dimensions: 
Width: 304 nm 






NSOM setpoints: -10.8 nA. 
 
Line dimensions: 
Width: 410 nm 
Depth: 15 nm 
Figure 4.15 Feature dimensions as functions of NSOM setpoint, which 
controlled the near-field distance. 
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presented the ‘defocused’ sequence with poor line resolution. In order to fabricate the 
sub-100nm features, the setpoint should be set to higher value but limited by the 
substrate smoothness. The NSOM feedback may not be able to maintain the safe 













4.4.3 Effect of the laser delivered energy  
 The exposure energy was another important factor for high resolution 
nanopatterning, and was determined by the delivered laser energy at the probe tip 
aperture. PMT with the reflection mode configuration was used for the real-time 
inspection of the delivered laser energy at the probe aperture. The laser energy output 
from fs laser was attenuated by a beam polarizer before coupled to the NSOM fiber. 
The delivered laser energy generates near-field scatter and surface plasmon, which can 
be detected by PMT with certain bias voltage level. The experiment was designed to 
write several groups of via holes under different laser energy levels, but kept all the 
Figure 4.16 Line dimension as function of optical near-field distance controlled 
by NSOM setpoint. 
























Chapter 4 Development of femtosecond laser direct writing in optical near-field 
 
101 
other parameters the same. The samples structure was PR (45nm)/SiO2(30 nm)Si. The 
delivered energy was expected to be high enough to exposure through the whole 
photoresist thickness, and at the same time to achieve small lateral size.  
  
Figure 4.17 shows the AFM images of the patterned area for the nanocell array 
of 6 groups at the 6 different exposure energy levels to study the nanostructure 
dimensions as a function of the exposure energy. The experimental parameters were 
listed in Table 4.2. The delivered energy was changed by tuning the laser beam 
attenuator which was installed in the optical path for the coupling of laser beam to 
optical fiber, and inspected by PMT with output value varying from 0.085 mW to 0.04 
mW under the voltage bias of 818 V. Figure 4.18 (a) to (f) present the zoom-in images 
for each of the 6 groups, showing variation in the small hole dimensions. The structure 
dimensions were characterized by the top diameter, the bottom diameter in the lateral 














Figure 4.17 AFM images of 6 groups of series via holes created with various 
exposure laser energy inspected by PMT. 
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Fig. 4.18 (a) 
Group 1 
 
Top width: 337.16nm 
Bottom width: 175.78nm 
Depth: 44.45 nm 
 
 (b)Group 2 
 
Top width: 302.89nm 
Bottom width: 126.9 nm 
























G1 0.085 4 2 100 -16.64 -15 175.78 44.453
G2 0.08 4 2 100 -16.64 -15 126.95 43.094
G3 0.07 4 2 100 -16.64 -15 78.125 43.054
G4 0.06 4 2 100 -16.64 -15 48.828 43.391
G5 0.05 4 2 100 -16.64 -15 39.063 37.135
G6 0.04 4 2 100 -16.64 -15 0 27.4 






Top width: 225.46 nm 
Bottom width: 78.1nm 




Top width: 164.48 nm 
Bottom width: 48.8 nm 





Top width: 137.37nm 
Bottom width: 39.1 nm 
Depth: 37.1 nm 
 




(f) Group 6 
 
Top width: 107.72 nm 
Bottom width: 0 
Depth: 27.4 nm 
 
Figure 4.18 (a) – (f) AFM images of the 6 groups of series via holes created with 
various exposure laser energy of 0.085V inspected by PMT. 
 
The AFM characterizations show that the lateral dimensions decrease with 
laser exposure energy. The vertical dimension presents the same trend. However, the 
AFM images show the full exposure through of the photoresist film thickness for 
group 1 to 4, whereas, the non-full exposure through for group 5 & 6. The structure 
dimensions varied as a function of laser power detected by PMT as shown in Figure 
4.19. It presented that the cell lateral dimension and vertical dimensions increase with 
the laser energy at lower laser energy level. But, the vertical depth saturates in higher 
energy level due to the confinement of photoresist thickness. In order to achieve small 
features and at the same time make sure the full cut through of the photoresist film 
thickness, a proper selection of laser energy is required.  Figure 4.20 show the 3D 
image for the whole exposed area and the zoom in image for group 4 cells, when the 
PMT value was 0.06V. The cells with diameter of 48.8 nm and depth of 43.3 nm was 
the ideal point for small size and at the same time ensure the fully exposure through of 
the 45 nm photoresist film. The further reduction in the feature size can be achieved 
through the further reduction of near-field distance, by reducing the NSOM setpoint.  






















Figure 4.20 3D AFM image for (a) whole exposed area, and b) the zoom-in 
image of the 4th group cells. 





















 Cell top diamter
 Cell bottom diameter
 Cell depth
Figure 4.19 Cell dimensions as a function laser energy inspected by PMT. 
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Figure 4.21 AFM analysis of the 20nm cells fabricated by further reducing the 
near-field distance. 
4.4.4 Sub-20nm structures 
Nanostructure dimensions decrease with the exposure energy, and we achieved 
the optimized parameters for the small lateral dimension and full exposure in vertical 
dimension in last experiment of group 4 results shown in Figure 4.19. The further 
reduction in the feature size can be achieved, by reducing the setpoint from -15 nA to -
14.5 nA, keeping the other parameters same as 4th group. The smallest cells achieved 
with bottom diameter 19.5nm, and depth 41.8 nm of the fully exposure through, as 












Figure 4.22 shows the SEM image of the interspersed line structures fabricated 
with a coupled laser power at two energy levels of 0.30 mW for wider lines, and 
0.01mW for finer lines, respectively. The NSOM setpoint was -11.0 nA, and scan 
speed was 6 µm/s, respectively. AFM results as shown in Figure 4.23 show the finer 
lines had an average FWHM of 33 ± 9 nm and depth of 7 ± 4 nm.  With a lower 
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coupling energy of 0.01 mW, 20 nm lines were achieved as shown in Figure 4.24. The 
nanostructures with dimension of 20 nm were achieved, which is 1/20 of the laser 























Figure 4.22 SEM image of the interspersed nanos-lines of two groups, generated 
by laser power of 0.30 & 0.01 mW, speed of 6 µm/s, and setpoint of -11.0 nA. 















   
4.4.5 Flexible structures by NSOL program 
We demonstrated the capability of the integrated system for the generation of 
patterns with various geometries and dimensions.  Figure 4.25 shows an AFM image 
of a simplified MOS transistor mask with the source, drain and gate regions fabricated 
on the same layer. The exposure parameters are: laser power of 0.50 mW, scan speed 
of 6 µm/s, and setpoint of -13.5 nA. The exposed area was generated by simply 
overlapping the parallel lines with higher exposure power delivered by the NSOM 
probe tip.  The photoresist residue at one of the image corner was observed which was 
caused by the miss-match of the scan lines resulting from the non-linearity of NSOM 
scanner. This phenomenon shows the importance of the high resolution control in the 
nano-engineering technique. True arbitrary patterns, such as curved shapes and 
diagonal lines of English alphabets, can also be fabricated. Figure 4.26 shows a 20×20 
µm 3D AFM image of the letters “DSI”, stands for ‘Data Storage Institute’. The 
experimental parameters used are: laser power of 0.30 mW, scan speed of 8 µm/s, and 
setpoint of -12.9 nA.  
 
Figure 4.24 SEM images of 20 nm wide lines fabricated by NSOL 




























Figure 4.26 AFM image of the letters ‘DSI’ in 20×20μm area, generated by 
laser power: 0.30 mW, scan speed: 8 µm/s, set point: -12.9 nA. 
Figure 4.25 3D AFM image of MOS transistor pattern fabricated by laser 
power of 0.50 mW, scan speed: 6 µm/s, set point: -13.5 nA. 
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4.4.6 Edge roughness of nanostructures 
 SEM images of the fabricated gratings were obtained to investigate the edge 
roughness of the developed resist films. The SEM characterizations were carried out 
with different magnifications for the grating structures with parameters of the laser 
power of 0.25 mW, scan speed of 6 µm/s, and setpoint of -11.0 nA, in the diluted ma-
P1205 photoresist film.  Figure 4.27 shows the uniformity of the line width with the 













 Figure 4.28 is the zoom-in image which indicates that the variation of the line 
width is around 25 nm, which is less than 5%. It was observed that grain size of the 
photoresist film affected the resolution of the lithographic features. The side walls of 
the fabricated groves showed the rough wall surface. The properties of the photoresist 
film are the important factors for achieving even smaller feature size. 
 
Figure 4.27 SEM image of 800 nm period grating on ma-P1205, fabricated 
by laser power: 0.25 mW, scan speed: 6 µm/s, set point: -11.0 nA. 














4.5 Development of pattern transfer processes 
Nanopatterns with smaller dimensions were generated on the photoresist by 
using he developed NSOM/fs laser integrated system. The smallest feature size can 
reach down to the sub-20 nm. The nanopatterns were required to be transferred to the 
substrate material surface for device applications. The chemical wet etching technique 
was selected for the pattern transfer from the photoresist to SiO2 surface. However, the 
SiO2 isotropic property will cause the undercut problem during the transferring 
processes. The etching recipe and process parameters were studied experimentally to 
find out the optimize parameters to control the feature size. 
 
The multilayer substrate structures for the device applications which will be 
studied in the chapter 5, were SiO2 (30nm)/TiW (200 nm)/Si. The TiW metallic layer 
was designed as bottom electrode in the device application. The dielectric layer SiO2 
of 30 nm was deposited on top of TiW layer. A photoresist layer of 30 nm was then 
Figure 4.28 Higher resolution SEM image of grating as in Figure 4.27. 
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spin-coated on SiO2. The multilayer substrate was patterned by the developed 
NSOM/fs laser technique. Nanocells were formed on photoresist surface after resist 
development processes as the schematic structure shown in Figure 4.29(a). The 
patterns were transferred to SiO2 layer by the chemical etching processes with recipe 
and process steps developed in section 4.3.3. The transferred patterns had undercut 
problem due to the SiO2 isotropic property. Nanopatterns were left on the SiO2 layer 












AFM characterization images and profile analysis during the pattern 
transferring processes were shown in Figure 4.30. Nanocells were opened on the 
photoresist surface, having three dimensions as defined by the top diameter, bottom 
diameter and vertical depth. Figure 4.30a) shows the exposed photoresist after resist 
develop. The cell had dimension 273/107/29.9 nm, for the three defined dimensions, 
respectively. The vertical depth was the photoresist thickness, showing that the resist 
was fully exposed through. During the wet etching process, the etching rate was 
a) Physical structure 







b) Physical structure 
after wet etching 
SiO2 30nm 
Ti2W 200nm 
c) Physical structure 
after photoresist 
removal  
Figure 4.29 Schematic multilayer structures during the etching process. 
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critically important for the cell dimension control. Figure 4.30(b) shows the 
intermediate process of SiO2 wet etching. The etching started from the interface at the 
bottom photoresist with SiO2, and formed a sharp tip-shaped bottom. The vertical 
dimension was 40 nm which was less than the total thickness of the photoresist with 
the SiO2 layer thickness adding together, the thickness should be: 30 +30 = 60nm. The 
cell of fully etched was shown in Figure 4.30(c) after the photoresist removal process, 
with vertical dimension the same as the SiO2 layer thickness of 31 nm, and the flat 


















Figure 4.30 AFM profile of nanocell in different fabrication process steps: a) 
open via on photoresist surface; b) intermediate wet etching; c) cell on SiO2 
























Top diameter 283 nm 
Bottom diameter 48.8 nm 
Depth 40 nm 
Top diameter 234 nm 
Bottom diameter 91 nm 
Depth 31.4 nm 
Top diameter 273 nm 
Bottom diameter 107 nm 
Depth 29.9 nm 
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The wet etching process is simple, but with challenges to find the optimized 
parameters to minimize the isotropic problem. The AFM results show the cell 
dimensions change from 273/107/29.9nm to 234/91/31nm, which were almost the 
same.  It is believed that the capillary effect of the small cell structure may contribute 
to the elimination of the dimension broaden problem during the wet etching processes. 
Figure 4.31 shows the 3D AFM image of the fabricated cell on 30 nm SiO2 dielectric 



















Figure 4.31 AFM characterizations of nanocell on SiO2 with dimensions of 
surface diameter/bottom diameter/depth 234/91/31 nm. 
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4.6 Theoretical simulation & discussion 
4.6.1 Numerical simulation  
Near-field optics deals with the phenomena involving the evanescent 
electromagnetic waves which become significant when the sizes of the objects are of 
the order of λ or smaller. The classical problem of diffraction by an aperture in a 
perfectly conducting screen was simulated using the numerous different approaches by 
Bouwkamp [8]. In 1944, Bethe proposed a model involving the magnetic charges in 
order to extract a solution to the problem of the diffraction of light by a subwavelength 
aperture [9]. The assessment of the near-field zone at the exit of the aperture was 
feasible in principle but was ignored because it was not experimentally relevant at that 
time. Much later, Leviatan (1986) [10], and Roberts (1987, 1989, 1991) [11][12][13] 
applied Bethe’s theory to apertures sizes which were significant for near-field 
microscopes. Such computations confirmed the existence of an important 
exponentially decaying field near the exit of the aperture. 
 
Some realistic models about field distribution from NSOM probe have been 
proposed, such as the Green's function method [14], the multiple-multipole method [15] 
and the finite-difference time-domain (FDTD) method [16]. But these methods are 
quite complicated and restricted to 2D studies due to time and memory constraints. 
 
The Bethe-Bouwkamp model was employed to simulate the electric field 
distribution in the aperture at the different optical near-field distance as shown in 
Figure 4.33. This model approximates the radiation emitted from a tapered metal-
coated optical tip with a subwavelength circular aperture hole, with a diameter a=50 
nm, in x-y plane at z = 0, to a perfectly conducting metallic screen. The incident field 
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with polarization along Y-axis propagates along z-axis.  Although there are more 
realistic models, this simple approximation is sufficient to provide a helpful 
understanding and guidance to the experimental investigations, and figure out the key 
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Figure 4.32 Schematic diagram of the subwavelength aperture and sample screen, 
and the coordinate system used in the calculation [Stevenson]. 
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The electric field at a point R in a vacuum is given by 
∫∫ •= kdrkizkERE vv vvvvvvv )exp(),(41)( 2π                                                       (4.4)                
where:  ))(exp()(),( 0 kizkkEzkE vv
vvvvv
=           (4.5) 
and    220)( kkkkv −=
v
       (4.6) 
which gives rise to both evanescent ( 20
2 kk > ) and propagating waves ( 20
2 kk < ). 
 
Figure 4.33 shows the simulation results of the three–dimensional electrical 
field intensity E2 distributions as a function of the near-field distance, z. The 
simulation results for the different near-field distances were compared as shown in 
Figure 4.33, with (a) – (c) for z = 15 nm, z = 10 nm, and z=5 nm, respectively. The 
electrical distributions of z = 15 nm and 10 nm show a little change of profile width, 
but with different shapes of top profile:  the cornical top shape when z = 15 nm, and 
the flattened top shape when z = 10 nm. The differentiated electrical intensity profile 
affects the fabricated nanostructure geometries with the respective z distance which 
can be controlled by the experimental parameter of NSOM setpoint. The conical shape 
is more favorable to achieve smaller bottom contact for the PCRAM memory nanocell, 
which is required to obtain less programming current of device functions. Whereas, for 
further smaller z value of 5 nm, the electrical field distribution shows bigger profile 
width and the dual-peaks as shown in Figure 4.33 (c), which is not ideal to produce the 
small feature with a certain penetration depth in z-direction. Therefore, the NSOM 
setpoint control is one of the critical parameters in order to obtain the open via hole 
with less than 100 nm scale in lateral dimension, and at the same time to make sure the 
full cut through in the vertical dimension.  
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4.6.2 Pattern geometries as a function of electric field distribution 
Based on the simulation results, we investigated experimentally the influence 
of the near-field distance on the nanocell geometries. The near-field distance 
controlled by NSOM setpoint was varied as shown in Figure 4.34 with two near-field 
distance controlled by NSOM setpoint value:  (a) NSOM set-point -14.5, and exposure 
time is 150 ms; (b) NSOM set-point -13.95, and exposure time is 100 ms. The 
photoresist thickness is 40 nm for the experiment. Figure 4.34 (a) shows a perfect 40 
nm cut through with dimension of top and bottom diameter 508 nm and 159 nm, 
respectively. Whereas, Figure 4.34 (b) shows a 40 nm depth, but with a corn shape via 
hole with dimension of top diameter 708 nm and with a sharp tip bottom contact.  
Figure 4.33 Simulation of electric field distribution based on the Bethe-Bouwkamp 
model, when a) z = 15 nm, b) 10 nm, and c) 5 nm. 
Z= 5 nm 



















With the further smaller NSOM setpoint, the dual-peak appeared with shallow 
depth as AFM image and profile analysis shown in Figure 4.35. The simulation and 
experimental results are in good agreement with the dependence of the nanocell 
structure geometry on the near-field distance. The photoresist development time is also 
one of the considerations to determine the fabricated structure geometry. Nevertheless, 
we used the same development time for the two cases. The conical shape with a very 
narrow bottom may benefit the reduction of programming current required for fast 
speed memory device. As the current intensity will be higher when passing through a 
smaller cross section area, which can provide higher energy intensity to activate the 
Figure 4.34 AFM profile analysis for nanocell array fabrication on photoresis 
of 40 nm thickness, with a) setpoint -14.5, and exposure time 150 ms; b) 
setpoint -13.95, and exposure time 100 ms. 
Horiz distance (T) 708.90nm 
Horiz distance (B) 0 
Vert distance 40.102nm 
Horiz distance (T) 508.90nm 
Horiz distance (B) 159.03nm 
Vert distance (T) 41.014nm 
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switching of the phase change materials in nanocell. The properties provided a way to 
study the cell functions as a function of nanocell geometry, including the shape effect 
and polarization effect when the cell volume is very small. The new device structure 






















Horiz (S) 361.33 nm 
Horiz (B) 195.31 nm 
Verit 8.659 nm 
Figure 4.35 AFM profile analysis of dual-peak nanostructure written by 
NSOL with smaller near-field distance. 




The integrated system was developed by the combination of a femtosecond 
laser with NSOM to achieve the ultrafast laser direct writing in the optical near-field. 
Sub-wavelength structures with various geometries and dimensions were fabricated by 
the developed integration system of NSOM/fs laser. The nanostructure dimensions as 
functions of the near-field distance and the delivered laser energy were investigated. 
The smallest feature achieved was 20nm, which was 1/20 of the laser wavelength, far 
beyond the diffraction limitation. In addition, the fabricated nanopatterns were 
successfully transferred by using chemical etching technique, from the photoresist to 
the dielectric layer required for device applications.  
 
Bethe-Bouwkamp mode was employed to simulate the electric field intensity 
distribution at the probe aperture output surface. The structure geometry obtained had 
alternative profiles and dimensions, which varied as a function of the near-field 
distance. It was found from the simulation that the near-field distance have strong 
influence to the final feature geometry. The optimized near-field distance control was 
crucial to achieve the expected feature geometry in sub-wavelength scale. 
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Chapter 5  
Nanocell fabrication by NSOL for non-
volatile PCRAM device application 
 
The ever-increasing demand for higher and higher capacity per chip requires 
extreme miniaturization of storage cells of memory devices. In this chapter, we discuss 
the fabrication of PCRAM using the NSOM/fs laser nanofabrication technique 
developed in this work, and integrating with the conventional photolithography. Before 
proceeding to present the experimental results, we will first give an overview to the 
history, principles and latest development status of PCRAM and compare it with the 
existing non-volatile Flash memory as well as other competitors such as FeRAM and 
MRAM. We will then present the results on fabrication of PCRAM nanocells with 
various geometries and dimensions using the developed mix-and-match technique. The 
scalability of programming current and switching speed of PCRAMs are discussed 
through varying the cell dimension from 200 nm to sub-100 nm. Ultrafast switching in 
the picosecond range was realized in devices with a dimension of less than 45 nm. The 
mechanisms responsible for the picosecond pulse induced switching will be discussed.    
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  5.1 Introduction 
Memory devices can be divided into two main categories: volatile and 
nonvolatile. Volatile memory loses data as soon as the system is turned off; it requires 
constant power to remain viable. Most types of random access memory (RAM) fall 
into this category. Nonvolatile memory (NVM) does not lose data when the system or 
device is powered off. Data storage industries are now searching high performance 
memory devices of nonvolatile, fast speed, low energy, high density and long 
endurance. The rapid development of the NVM technology is driven mainly by the 
growing demand for the stand alone memory, portable electronics and embedded 
applications. The majority NVM available on the market today are based on the charge 
storage, Flash memory, and fabricated by the materials and the processes available in 
CMOS industry. Flash memory, based on the floating gate concept, can be downscaled 
to 45 nm node by following the evolution of the semiconductor roadmap [1]. However, 
some physical limitations could be critical for the further downscaling, which is 
essential for the further development of high density data storage devices [2]. And also, 
these devices have some general shortcomings in applications, like slow programming, 
limited endurance as well as the need for high voltages during programming and erase. 
Alternative NVM concepts have been merged and studied extensively. 
 
Phase change random access memory (PCRAM), which was proposed in 1968 
[3], is considered as one of the best candidates for next generation NVM [4] among 
various NVM concepts together with the ferroelectric RAM (FeRAM) [5] and the  
magnetoresistive RAM (MRAM) [6, 7]. Compared with Flash memory as shown in 
Table 5.1, PCRAM has good scalability and the improved performances, e.g. smaller 
programming current, faster access time.  Very importantly, PCRAM device 
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fabrication can be integrated with the CMOS technology, which is more superior for 
the industrial manufacture and applications. 
 DRAM Flash EEPROM FeRAM MRAM PCRAM 
Non-volatility No Yes Yes Yes Yes 
Scalability Fair Fair Poor Poor Good 
Write time 50ns 1ms or longer 30 t0 200 ns 10 to 50ns 10 to 100ns 
Read time 50ns 20 t0 120 ns 30 to 200ns 10ns to 1ms 10 to 100ns 
Read type Destructive Non-destructive Destructive/ Non-destructive Non-destructive Non-destructive
Rewrite cycles 1015 105 1012 to 1015 1015 1013 
Operating current 100mA 10 to 100mA 100mA or higher 100mA or higher 100mA or higher
Standby current 100mA 1mA or lower 1mA or lower 1mA or lower 1mA or lower 
Data retention time Zero 10 years 10 years 10 years 10 years 
Ease in mixing with 
logic 
Hard Hard Easy Easy Easy 
Internal write 
voltage 
Low High Low Low Low 
Ease in shrinking 
storage devices 
Hard Medium Medium Easy Easy 
 
 
5.1.1 Flash memory 
Flash memory stores information in an array of floating gate transistors, called 
"memory cells", is based on Fowler-Nordheim trunneling [8][9]. A single TET 
transistor is used as memory element, and store one or more bits per cell by verying 
the number of electrons traped on the floating gate of a cell. Flash memories are 
programmable on a byte or word basis and erasable on a block or sector basis. There 
are two different array architectures: NOR and NAND referring to the type of logic 
gate used in each cell as shown in Figure 5.1 & 5.2. In NOR architecture developed by 
Intel in 1988, the cells on one bit line are arranged in parallel making a fast random 
access (well below 100ns) possible. In NAND architecture developed by Samsung and 
Toshiba in 1989, the cells connected to one bit line are arranged in series [10]. 
Table 5.1 Comparison of alternative RAM devices. 




















The Flash memory device stores information by varying the number of charges 
trapped on the floating gate. The reduction in feature size results in the less number of 
charges stored, which limits the information density increase by reducing the bit size. 
The Flash memory is programmed using the channel hot electron injection and erased 
by the hot hole injection. The hot holes are generated using band to band tunneling at 
the respective junction. The high energy barrier requires a rather thick oxides (>8 nm 
for the tunneling oxide) and high voltages during program and erase. The conventional 
charge storage devices are facing serious scaling limits below 100nm ground rules. 
Figure 5.2 a) NAND Flash array; and b) typical NAND Flash. 
Figure 5.1 a) NOR Flash array; and b) typical NOR Flash cell. 





Figure 5.3 Schematic diagram of FeRAM material unit cell with its polarization 
hysteresis curve in external electric field. 
5.1.2 FeRAM  
The first ferroelectric memory technology (FeRAM) was developed by 
Ramtron in 1984, based on the electric dipole switching of a certain class of materials 
[5][12]. The crystalline ferroelectric materials can be permanently programmed in two 
different states by simply applying an electrical bias to the films, causing the mobile 
ions to align along the applied field. The individual crystal unit cells interact with their 
neighboring cells to form ferroelectric domains. The non-volatility is based on the fact 
that the majority of the polarized domains will retain their polarization state along the 
external field after removing it. A ferroelectric material unit cell and a typical 










Ferroelectric materials show some specific reliability issues, which is most 
important for the life time cycle problem. After a high number of switching cycles 
(typically 109-1012), a gradual decrease in the remnant polarization is observed, which 
is attributed to a decrease of domain wall mobility. FRAM for low density applications 
have been produced, however, high density memories have not hit the market yet. 




Magnetic random-access memory (MRAM) stores data as magnetic orientation 
with three different physical effects: anisotropic magnetoresistance (AMR), giant 
magnetoresistance (GMR), and tunneling magnetoresistance (TMR) [6, 7]. AMR was 
used for the first MRAM products but is obsolete today due to the very low resistance 
change. GMR is based on the spin dependent interface scattering of charge carriers in a 
sandwich structure of a conducting layer embedded between two magnetic layers. A 
resistance change of up to 6% is observed where the two magnetization states are in 
parallel and anti-parallel. The spin valve (SV) and the pseudo spin valve (PSV) are the 
modified structures leading to a higher observed resistance change. TMR uses 
magnetic tunnel junction (MTJ), where the tunneling current from one ferromagnetic 
layer to another through a thin insulating layer depends on the magnetic state of the 
two ferromagnetic films as sketched in Figure 5.4. MTJ current flow is perpendicular 








MRAM has some challenges, which is a very critical issue due to the exact 
thickness definition of the insulating tunnel layer required to avoid on-die array non-
uniformity and to avoid shorting the tunneling electrodes. As the critical switching 
field (word line current) becomes even larger upon shrinking the width of cell size, a 
Figure 5.4 MTJ cell with magnetization aligned a) in parallel; and b) anti parallel. 
a) RT low   b) RT high 
Upper magnetic layer 
Thin insulating tunneling barrier 
Lower magnetic layer 
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method for scaling the word line current has to be engineered to avoid electron 
migration and cross talk of neighboring cells. One way of decreasing the switching 
field is to use very thin magnetic layers, which also leads to reliability problems, 
especially at increased temperatures due to thermal fluctuations of the magnetization. 
 
5.1.4 PCRAM 
Phase change random access memory (PCRAM), also called Ovonic Unified 
Memory (OUM) [3][13][14], is considered as one of the best NVM competitors due to 
many attractive properties such as large dynamic range, low power consumption, short 
program and access time, long endurance, high scalability and good data retention 
[15][16][17][18]. This concept is based on the rapid reversible phase change between 
the amorphous and the crystalline state of a chalcogenide material [3][13][15]. The 
phase change material GeSbTe (GST), which is used in rewritable CD/DVD optical 
disk [19][20][21][22][23], can be thermally activated by the electrical pulse in 
PCRAM. Since the binary information is stored by the two different material phases, 
the memory device of the material is therefore non-volatile, and requires no energy to 
keep the material in either of its two stable structural states. The most significant 
advantage of PCRAM technology is its high scalability. The energy required for the 
phase change decreases with cell size, thus facilitating memory device scaling. 
Figure 5.5 shows the cross section of the basic PCRAM cell structure [15]. The 
phase change materials GST are sandwiched in between the two electrodes. The 
electric current flows from a heater element to the GST material, and the local joule 
heat changes the phase state of the programmable volume around the contact region. 
Figure 5.6 shows the I-V curve, which presents the switching mechanisms of PCRAM. 
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The first mechanism, called ovonic threshold switching (OTS), is a field-assisted and 
reversible transition, makes the amorphous GST switch from a highly resistive to a 
conductive state. Once the resistivity drops, a second transformation occur, called 
ovonic memory switching (OMS) [13]. This mechanism is a reversible phase change 
















The basic phase change memory has been demonstrated and attracted intensive 
studies. Presently, there are three areas of focus in the PCRAM development: i) cell 
physics, including the study of the phase change material properties; ii) scalability of 
cell program current, which requires a new nanolithography technology; iii) high 
density array manufacturing development. 
Figure 5.5 Basic cross section of the phase change memory. 
Figure 5.6 I-V curve of basic PCRAM memory element. 
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5.2 Principles of PCRAM 
5.2.1 Chalogenide phase change material 
The term “chalcogen” refers to the Group VI elements of the periodic table in 
general. “Chalcogenide” refers to alloys containing at least one of these elements such 
as the GeSbTe alloy (GST), which is the phase change material used in commercially 
available rewriteable CD/DVD disks. Energy Conversion Devices, Inc [3], has used 
this particular alloy to develop the PCRAM technology, which uses a thermally 
activated, rapid, reversible phase change in the alloy structure to store data.  
 
The two structural states of GST, are an amorphous state and a polycrystalline 
state. The two states have difference in reflectivity and resistivity in the case of the 
optical disk and PCRAM technology, respectively [19]. In DVD, a laser is used to heat 
the material to change states. The state of the memory is read by directing a low-power 
laser at the material and detecting the difference in reflectivity between the two phases. 
In PCRAM, the resistivity change is induced by the electrical pulse, and the memory 
state is read by a low power electric current. In both devices, since the binary 
information is stored and represented by the two different phase states of the material, 
it is inherently non-volatile, requiring no energy to keep the material in either of its 
two stable structural states.  
 
PCRAM devices are implemented by being incorporated as a two terminal 
resistor element with standard CMOS processing. Resistive heating is used to change 
the phase state of the GST material. Depending upon the temperature profile applied, 
the material is either melted by heating it up above the melting temperature (Tm) to 
form the amorphous state, or crystallized by holding it at a lower temperature (Tx) for 
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Figure 5.7 Phase change temperature dependence. 
a slightly longer period of time, as shown in Figure 5.7. The time needed to program 









5.2.2 GST atomic structure 
The investigation of the microscopic structure of GST began in the late 1960s 
[19][20], when some attempts were made to understand the crystallographic structure 
of Ge-Te compounds. It is now clear that the crystalline GST has two possible 
structures: stable hexagonal structure and meta-stable face centered cubic (FCC) lattice 
as shown in Figure 5.8(a) [21][22][23]. Since the metastable phase crystallizes faster, 
the crystalline GST is in FCC phase in the fast phase change operation. Based on 
extended X-ray absorption fine structure (EXAFS) measurements [22], it was found 
that the chemical short-range order of the ternary GST is almost the same in the two 
phase states of amorphous and crystalline as shown in Figure 5.8 (a) and (b). While the 
coordination number is considerably lower in the amorphous state. Ge is four-fold 
coordinated in amorphous state, Antimony is three-fold, and Te is two-fold. The two-
fold bonding condition of the chalcogenid atom (Te) is denoted to the conditions, 
where the two electrons are left in the outer shell of each Te. The two electrons are the 
so called lone-pairs, which play a key role in the phase change.  
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Figure 5.9 Schematics of medium-range-order changes in the structure of GST upon 
reversible amorphourization-crystallization. The umbrella-flip of Ge atoms from the 
crystalline to amorphous, results in a shortening of Sb-Te bonds. 
a) Crystalline state     b) Amorphous state 
a) Crystalline state    b) Amorphous state 
Figure 5.8 GST atomic structure model of (a) crystalline state, and (b) amorphous 











The structural transformation is depicted as 2D diagram illustrated in Figure 
5.10 [24].A Ge atom is shown within the fcc structure formed by Te atoms. The Ge 
atoms occupy octahedral and tetrahedral symmetry positions in the crystalline and 
amorphous states, respectively. The stronger covalent bonds are shown with thicker 
lines than the weaker bonds as shown in Figure 5.9 (a). The Ge atom flips into the 
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An alternative description of the structural transformation upon melting is an 
umbrella-flip distortion resulting in disordering of the Ge sublattice. Notice, that the 
three covalent bonds remain intact. This conservation of the system of stronger 
covalent bonds is crucial: the material is not molten in a conventional sense. The 
atomic structure changes on an intermediate-range-order scale. After rupture of the 
weaker Ge-Te bonds the Ge atoms flip into the tetrahedral symmetry position forming 
the GeTe4 tertahedra. At the same time, the broken weaker Ge-Te bonds no longer 
counterbalance the Sb-Te bonds on the opposite site and, as a result, the Sb-Te bonds 
become structure determining. The structure relaxes making the Sb-Te bonds shorter 
as in amorphous Se the intrachain bonds get shorter upon amorphization, i.e. rupture of 
Van-der-Waals interaction between the chains. The Sb-Te bond is shortened upon 
amorphization, which can be viewed as the local formation of Sb-Te phase. Finally, 
the structure relaxation causes a slight distortion in Te fcc sublattice. We can thus 
describe the complete ‘‘amorphization’’ process as Ge-flip-induced nanophase 
separation accompanied by distortion of the Te fcc sublattice. As a total result, the 
long-range order is destroyed but the structure does not become random. It is important 
that the amorphous phase possesses a well defined structure without long-range 
periodicity. It is believed that the well defined local structure of the amorphous state is 
the reason for the overall stability of the GST-based phase change memory device. 
 
5.2.3 GST band structure 
The original quantum theory of semiconductors was based completely on the 
presence of long-range order and on the periodicity of crystalline structures. It was 
believed that since amorphous solids do not have long range periodicity, they can not 
be described by band structures and can not behave as semiconductors. However, 
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starting from 1955, it was instead clear that the key to understand the properties of 
solids is not their periodic structure but the chemical nature of their constituent atoms. 
It was thus discovered that the chalcogenide glasses can also act as semiconductors 
with an energy gap [25][26]. The covalent interatomic bonds give rise to the usual 
bonding (valence)/anti-bonding (conduction) bands. However, since each GST atom 
has lone-pairs, a nonbonding density of states appears close to the top of the valence 
band-edge. These states are quite localized and their carrier mobility is very low. 
 
The crystal structure consists of longer and shorter bonds. The longer bonds are 
characterized by a smaller energy splitting between the bonding and anti-bonding 
states, and determines the positions of the valence and conduction band edges and 
bandgap width. In amorphous state, the initial weaker bonds break and disappear, and 
the initial stronger bonds get even shorter and stronger. As a result, the splitting 
between the bonding and anti-bonding states increases, producing a larger bandgap. 
The GST band structure is shown as in Figure 5. 10. In both cases the Fermi level lies 
close to the valence band. The material conductivity is p-type. The crystalline and 
amorphous states show the optical gap of about 0.5 eV, and 0.7 eV, respectively. The 
structure is distorted in reality, as all glasses contain defects at finite temperature. In 
semiconductors with lone-pairs, the most likely defects are the valence-alternation 
pairs (VAPs)[27]. The two-fold bonding of the chalcogen atom (Te this case) is 
denoted as, where C stands for chalcogen, the subscript gives the covalent coordination 
and the superscript the charge state. The defects are three-fold coordinated, positively 
charged chalcogen atoms C3+ and negatively charged, one-fold coordinated C1- . The 
defect creation can be described by the reaction 2C20 → C3+ + C1- where C3+ and C1- 
have a concentration in the range from 1017 to 1020 cm-3.  













5.2.4 Electronic switching mechanisms 
The PCRAM basic cell structure is constituted by a resistor of GST material, 
which is essentially a nonlinear resistor. The non-linear I-V curve shows two distinct 
physical mechanisms: threshold switching and memory switching [23]. The threshold 
switching is a field-assisted transition which makes an amorphous semiconductor 
switching from a highly resistive to a conductive state when a threshold voltage Vth is 
reached. Only once the amorphous resistivity drops, the current flowing through the 
device may heat up the device and lead to a second reversible transformation, called 
memory switching, corresponding to the phase-change transition from amorphous to 
crystalline. The readout is at the low bias, where the low-field resistance changes by 
the orders of magnitude depending on whether the GST in the device active region is 
in the crystalline or amorphous state. To reach the programming regions, the voltage 
bias is raised above Vth so that enough current can flow through the cell, heating up the 
GST material and make the phase-change occur. 
Figure 5.10 Schematic band-structure of the GST material in the crystalline and
amorphous state [27]. 
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Considering the generation and recombination mechanisms during the 
threshold switching in the amorphous environment, carriers mainly recombine via 
localized states. Lone pairs and VAP–centers have a very high density. Recombination 
processes through these states have been accounted for according to SHR theory. 
Electron and hole capture cross sections happen and depend on whether the trap is 
neutral or charged. Regarding carrier generation, a clue on the nature of the dominant 
mechanism can be derived from Figure 5.11, which shows in more details the I–V 
curve of amorphous samples below threshold. Note that at low bias the conduction is 
ohmic. By increasing the bias, the current starts to rise exponentially, and becomes 
super-exponential just before Vth. This feature suggests a generation mechanism 
exponentially dependent on electric field such as tunneling or impact ionization (II). At 
each bias point (in Ohmic and exponential regions), the current and the voltage values 
(carrier density and electric field profiles) are so that recombination via trapping 










At high current concentration, almost all the traps are filled by carriers and the 
recombination current slowly increases with the bias. On the other hand, the generation 
Figure 5.11 I–V curves at several temperatures, below threshold Vth . 
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rate is exponentially dependent on bias. As the bias rises, it is more and more difficult 
for the recombination to balance generation. The critical point is reached at Vth. 
Increasing the bias above the recombination rate cannot balance the generation any 
more, and the only way to reach a new steady state is by decreasing the voltage drop 
across the device, thus reducing the generation rate. However, for a snap back to occur, 
the generation rate must be also dependent on carrier density. Note that, current is still 
large even if the voltage across the GST is lower. In order to have a large current, the 
exponential decrease of the generation rate due to the voltage drop must be balanced 
by the free carrier density. The generation mechanism must be exponentially 
dependent on field but also it must increase with the carrier concentration, just like II.  
 
Figure 5.12 shows the multiple oscilloscope traces of the electronic cycling 
operation characteristics of PCRAM cell [28]. Each trace is a series of 4 sequential 
operations, write /read /erase /read, cycling at 5MHz. An 8ns RESET pulse is applied 
with a 5ns falling edge. The subsequent read shows a programmed resistance of 85KΩ. 
Next SET pulse of 85ns results in a resistance of 2KΩ. The beginning of the SET pulse 







 Figure 5.12 Electronic programming oscilloscope traces of repetitive write/read.
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5.2.5 Alternative nanocell structure designs 
PCRAM nanocell structure design has been one of the development topics to 
improve the device performance for high density storage. The main objective in the 
structure design is to reduce the programming current. Currently, the programming 
current in the GST-based PCRAM is substantially high [2]. Alternative cell structures 
have been designed with the basic concept of reduce the contact area of phase change 
material with the electrode, thereafter to reduce the programming current. The 
conventional “vertical” PCRAM cell design has the active phase change material 
sandwiched vertically between two metal electrodes, and the electrical current flows 
vertically. The vertical PCRAM cell performance is dominantly determined by the area 
through which current flows. This area is  defined by F
2
, taking F as the minimum 
lithographic feature size, which leads to a large current consumption regarding to the 
current drivability of CMOS transistors at the same lithographic feature size. 
Additionally, the direct contact of the metal electrode with the cell switching zone 
causes a large heat dissipation via the metal contacts during switching operations. The 
further enhancement of the current density is needed to achieve phase change.  
 
Alternative PCRAM concepts to minimize current consumption are therefore 
intensely sought after, as shown in Figure 5.13 [29]. Basically, the vertical recording 
structures are based on the original OUM concept. The programming current is 
typically larger than 1 mA based on 180 nm lithography. For practical products, it is 
desirable to reduce the current to few hundreds of uA. Most of the innovative ideas are 
based on the principle to reduce the contact area of the phase change material with the 
electrode, therefore reduce the programming current required. 
 















Pillar-pore structures [18] 
The scalability of the program current has been studied with the alternative 
OUM structures as shown in Figure 5.14.  Structure A is the pillar-like cell, where the 
contact area is defined by the heater dimension, while structure B is a complementary 
cell, with the GST filling a pore opened in an insulating layer. The results shown that 
that the program current follows the reduction of the contact area, and the values as 








Figure 5.13 Alternative PCRAM cell structures.
Figure 5.14 Schematic cross sections of two possible OUM cell structures. 
Structure A Structure B
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µ-trench structures [30][31] 
The basic idea is to achieve low programming current maintaining a compact 
vertical integration through the design of geometry with improved current and thermal 
confinement. A very low contact area can be achieved by the intersection of a thin 
vertical semi-metallic electrode with the GST layer confined into a horizontal and 
perpendicular “μ-trench” [30][31], as shown in Figure 5.15. Since the μ-trench can be 
defined by sub-lithographic technique and the electrode film thickness, a very small 
contact area can be achieved in the range of 1000-5000 nm2. Moreover, the heating 










Edge contact structure [30] 
One of the innovative ideas to reduce the programming current is the edge 
contact as shown in Figure 5.16, reported by Y.H. Ha, et al [30]. In conventional cell 
structures, the contact area is determined by the feature. In the new design, the contact 
area is determined by a thin film thickness in one dimension instead of the physical 
contact size, and very low programming current is achieved. The side edge contact 
cells with contact area of 40000 nm2 were fabricated and tested [30]. The memory cell 
successfully operated with 30 ns pulse of 0.20 mA for RESET, and 0.13 mA for SET.  
Figure 5.15 a) μ-trench scheme top view; Schematic and STEM-TEM cross 
section along X (b) and Y (c) directions. 











Ring contact structure [32] 
The bottom electrode contacts the GST material as shown in Figure 5.17, 
forming a ring-shaped contact area as designed by Tyson [32]. The GST is deposited 
in the crystalline phase so it is highly conductive. The region where phase transition 
occurs is limited to the GST immediately adjacent to the lower electrode. This 
reduction in the volume of material being melted reduces the power sufficiently to 








Lateral design for low current consumption [Haringbolivar] 
The novel lateral cell concept has the active phase change material aligned 
laterally between the two metal contacts with a lateral constriction defining the active 
Figure 5.16 Conventional bottom contact (a) [Lia], edge contact (b)[Ha].  
Figure 5.17 Nanocell structure design: ring contact [Tyson]. 
Chapter 5 Nanocell fabrication by NSOL for non-volatile PCRAM device application 
 
145 
switching zone as shown in Figure 5.18. As the current flows in a lateral direction 
through the phase change material layer of thick-ness t, the current defining area is 
drastically reduced to F*t, as layer thicknesses t can easily and controllably be  
manufactured to sizes significantly smaller than F. As an order of magnitude estimate, 
phase change layers of thick-nesses smaller than 6 nm have repeatedly shown to 
exhibit stable phase change operation capabilities, while lithography sizes F are still in 
the range of 90nm. Thinning of the active layer in the active switching zone can 






















5.2.6 Scalability of PCRAM nanocell 
Present attempts have focused on the reduction of the electrical power needed 
to switch the memory element to allow operation by a single, minimum-feature-size 
MOS transistor, for maximum memory density integration.  It is know that the phase 
transformations between the crystalline and amorphous states are accomplished by 
heating and cooling the material.  When the material in crystalline state melted, it loses 
Figure 5.18 Schematic view of simplified lateral PCRAM cell: a) top view; 
and b) cross sectional view, the contact defined by layer thickness.  
(a) 
(b)
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all crystalline structure, and rapid cooling below glass transition temperature causes 
the material to be locked into its amorphous phase.  This amorphous phase is very 
stable at room temperature and is difficult to allow sufficient electric current pass 
through so as to provide the necessary heat to switch the material to crystalline state. 
However, the rate of nucleation and growth of crystallites increases with the 
temperature in ohmic ratio initially, and exponentially as the melting temperature is 
approached. The material can be heated up to a temperature between the glass 
transition temperature and the melting temperature, causing nucleation and crystal 
growth to rapidly occur over a period of several nanoseconds or even shorter. The 
results of finite element simulation show that the power needed to operate the memory 












The quenching time is roughly proportional to the device size as well. The 
power needed to heat the material to the melting temperature depends on the volume of 











































Figure 5. 19 The switching speed and power trade off   vs. the device size and the 
insulation materials. 
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this heated region. As the thermal isolation increases to a certain point, the cooling rate 
becomes inadequate to quench in the amorphous state. For the isolation material SiO2 
and cell size down to 100 nm, the quench time is less than 1ns for the Reset pulse 
width 5ns and the power of several hundred mW. 
 
 
5.3 Development of functional nanocell fabrication process 
5.3.1 Nanocell multilayer structure design 
To study the scalability of PCRAM nanocellls, we applied the developed 
NSOL technique to fabricate the nanocells of various features in nanoscale. The 
nanocell structure we used was the conventional vertical design as the schematic view 
shown in Figure 5.20. The multilayered structure consists of the top and bottom TiW 
electrodes, SiO2 dielectric layers and GeSbTe (225) phase change material as the 
active layer. In this five-layer process for the functional PCRAM device fabrication, 
NSOL was applied to create nanocells on the dielectric layer, with feature size varying 






Figure 5.20 Schematic cross-section of the multilayer structure design for the 
PCRAM nanocell used in fabrication development.  
SiO2  (1μm) 
Si Substrate (0.5mm) 
Memory cell 
Phase change layer 
Dielectric SiO2  
Bottom electrode TiW  
Top electrodes TiW 
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5.3.2 Development of the integration technique of NSOL/stepper 
A mix-and-match technique was developed by the integration of NSOL with 
the conventional photolithography, for the fabrication of PCRAM nanocells. NSOL 
was applied to open small via hole on the dielectric layer, which provided a small cell 
structure for the GST material and a small contact area with the bottom electrode. The 
stepper patterning was applied for the fabrication of other function layers. The 
specified masks were designed to incorporate and align with nanocells created by the 
NSOL process. The detailed fabrication processes and parameters of the multilayer 
were designed as shown in Table 5.2.  
Table 5.2 Summary of the multilayer material design 
1st layer: bottom electrode 
 by stepper and sputtering machine 
 Material: TiW 
 Thickness: 200nm 
 2nd layer: dielectric layer 
 by stepper and sputtering machine 
 Material: SiO2 
 Thickness: 30 nm 
 3rd layer: phase change material 
 by stepper and sputtering machine 
 Material: Phase change GST225-Mo & TiW 
 Thickness: 40 nm (PC) + 20 nm (TiW) 
 4th layer: dielectric layer 
 by stepper and sputtering machine 
 Material: SiO2 
 Thickness: 100 nm 
 5th layer: top electrode 
 by stepper and sputtering machine 
 Material: TiW 
 Thickness: 200-20 (3rd layer)=180 nm 
 
NSOL process was performed on the SiO2 surface, where the NSOM probe 
was in approximate approaching which was within 10nm in distance. Smooth surface 
was required for the reliable and fast probe scanning. Therefore, the first two layers 
were designed to provide a smooth surface, as shown in Figure 5.21. The masks for the 
other layers were designed accordingly (Appendix I), for the nanocell alignment with 
the other functional layers, and for the bit registration of the device circuit design. Cell 
positions for the 8-bits location were labeled as 1 to 8. The alignment marks were 





















Figure 5.21 Mask design for the bottom electrode TiW. 
visible under NSOM microscopy for convenient NSOM probe positioning. Cells were 
generated by the serial NSOL writing. The cell location was precisely controlled by the 
NSOM scan correlated to the alignment marks, so as to ensure the other layer pattern 
alignment. Figure 5.22 shows the fabricated substrate with 1st and 2nd layers. The 





















Figure 5.22 Microscopic image of the first two layers.  
100 μm 
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5.3.3 Nanocell fabrication by NSOL/stepper 
We have demonstrated the nanostructure generation by NSOL in chapter 4, and 
nanostructures with the feature size much less than the laser wavelength can be 
achieved. The developed NSOL was applied to fabricate PCRAM nanocells on the 
SiO2 dielectric layer of the multilayer structured substrate as shown in Figure 5.23. 
Figure 5.24 shows the fabricated nanocells by NSOL on SiO2 surface with the process 
steps of NSOL exposure and pattern transfer. Cells are hardly to be observed by optical 














NSOM/laser exposure  Wet etching Cross section after 
etching, lateral enlarge 





Figure 5.23 NSOL process flow for nanocell generation. 
Figure 5.24 Optical microscopic images of bit electrodes with nanocells fabricated 
by NSOL, a) 2×2 bits array, b) zoom-in image. 
10 μm10 μm
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Figure 5.25 shows the nanocells after the whole fabrication processes of the 
whole functional layers. Cells share the common bottom electrode, and have individual 
top electrodes as labeled in the mask accordingly, design shown in Figure 5.21. The 
current flow from the negative bottom electrode, pass through the phase change 















Figure 5.26 shows the PCRAM cell array with all structure layers fabricated by 
stepper processes. The optical microscopic image as shown in Figure 5.26(a) shows 
the cells on SiO2 layer. The SEM image as shown in Figure 5.26(b) shows the 2×2 bit 
array after whole fabrication processes. These cells were around 1 μm in diameter, as 
to be compared with the nanocells by NSOL. 
Figure 5.25 Optical microscopic images of the fabricated nanocells with step by 
step zoom-in. 
100 μm100 μm
25 μm 25 μm 















5.4 Nano-size PCRAM cells 
The developed NSOL was applied to fabricate PCRAM nanocells with non-
diffraction limited resolution. Figure 5.27 shows the 3D AFM image of the nanodot 
array fabricated on the substrate of SiO2 (30 nm)/TiW electrode/Si, after the process of 
NSOL exposure and pattern transfer. The main experimental parameters of the 
NSOM/fs laser combination system: NSOM setpoint -13.0; laser power around 0.1 
mW; laser pulse delay 100-500ms.  
 
Discrete nanocells on each bit electrode were fabricated with various feature 
dimensions, in order to study the scaling effect of device functional performances. The 
bottom surface diameter and the vertical depth were important factors, as they 
determined the real contact area of phase change material and bottom electrode, and 
therefore determined the cell performance. Figure 5.28 show the nanocell with bottom 
contact area dimension of 87 nm, 69 nm, 45 nm and 34 nm, respectively. The smallest 
cell achieved was 12 nm on SiO2 of 20 nm as shown in Figure 5.29. 
Figure 5.26a) Microscopic image of PCRAM cells fabricated by stepper, a) cells on 
SiO2 layer, and (b) SEM image of the fabricated cells after whole fabrication 
processes (bit line width is 10 μm).  
(a) (b)
























Figure 5.27 3D AFM image of nanodot array fabricated by NSOL on substrate: 
SiO2 (30 nm)/TiW electrode/Si, with experimental parameters of NSOM/fs 
laser: setpoint -13.0; pulse delay 100-500ms. 
69nm 87nm
45nm 34nm 
Figure 5.28 AFM images of nanocells with bottom contact area dimensions 
of 87 nm, 69 nm, 45 nm and 34 nm, respectively. 












5.5 Functionality of PCRAM nanocells 
The PCRAM functions by making use of reversible phase change in GST 
material, in which its electric resistivity can be altered by electrical pulses. The small 
volume of active GST film acts as a programmable resistor between a high and low 
resistance with several orders difference, representing by 1’s and 0’s, respectively. The 
program current scalability and switching speed were studied by using electrical pulses 
with different amplitude and pulse width with the cell dimension varying from 1 μm 
down to sub-45 nm, which were fabricated by the NSOL/stepper technique.  
 
5.5.1 Instrumentation for functionality test 
A self-designed probe station with specific circuitry and active probes was built 
in our laboratory. During testing, the memory cells were switched between high and 
low resistance states by the electrical pulses with a certain pulse amplitude and width. 
Figure 5.29 Smallest nanocell achieved on SiO2 with bottom diameter 12.9 nm 
and depth 20 nm, respectively. 
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The large dynamic range of PCRAM cells required special consideration in circuit 
design so as to avoid additional noise induced by impedance mismatch.  
 
The testing instrument can perform the following three modes of operations: 
Set: a process to switch the GST material in nanocell from high resistance (amorphous 
state) to low resistance (crystalline state), by a voltage pulse with moderated amplitude 
and pulse width of relatively longer for crystallization. 
Reset:  a process to switch the GST material from low resistance (crystalline) to high 
resistance (amorphous), by a voltage pulse with sufficient amplitude and short pulse 
width for fast cooling required for material molten and rapidly quench into the 
amorphous state.  
Read: a process to read the information stored in the form of material phase stage, by a 
low voltage which is normally a DC voltage with low amplitude 
 
The schematic diagram of the functionality tester is shown in Figure 5.30. The 
PCRAM resistances are in the range of several KΩ to several hundreds of KΩ. The 
reference resistor is 50Ω. The pulse generator supplies voltage pulses with an 
























Figure 5.30 Diagram of circuit design for nanocell functional test. 
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The voltage drop across the reference load resistance is synchronously 
measured by the active probes as V2. The voltage drop across the PCRAM device is 
calculated as V1 – V2. The dynamic resistances can be synchronously measured, and 




















The reading voltage applied is VDC = 0.2 volt, and the current flow in the 
CRAM cell is always monitored and estimated as follows: 
I = V2 /1000Ω 
The measurement screen of the self-developed testing system is shown in 
Figure 5.31. The writing/erase current amplitude and pulse width can be set; so does 
the pulse interval as shown in the left window. The reading signal which represents the 










Figure 5.31 PCRAM tester interface for switching test with write/erase current 
amplitude and pulse width 100 cycles: w5ns35mA E50ns7.5mA.
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5.5.2 Switching effect of PCRAM nanocells – SET & RESET 
The nanocell performance was evaluated as shown in Figure 5.32, with the 
Reset I-R curve for a 82 nm cell (sample No. 0721-s1-p1-c3) by varying the Reset 
pulse width from 5 ns to 14 ns and the Reset current from 30 mA to 13.5 mA 
accordingly. The switching time required is less than 10 ns. From the I-R curve for the 
Reset pulse width from 5 ns to 12 ns, the GST material is transferred from the 
crystalline state to the amorphous state with the increase of Reset current. The material 
resistance increased from low to higher resistance level and was subsequently 
stabilized after the Reset switching. For Reset pulse width of 14 ns, the switching 
occurred at 13.5 mA, and saturated. However, with the further increase of the Reset 
pulse, the resistance started to drop at 18 mA, and completely dropped back to the 
lowest resistance level, corresponding to the resistance of the crystalline state. The re-
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Figure 5.33 Reset current as function of pulse width for PCRAM nanocell of 
diameter 82nm (sample No. 0721-s1-p1-c3). 





























Figure 5.33 presents the Reset current as a function of pulse width varying 
from 5 ns to 14 ns for the 82 nm nanocell (sample No. 0721-s1-p1-c3). The Reset 
current increases slowly with the decrease of pulse width at around 10 ns, and 
increases drastically when the pulse width less than 10 ns. The Reset current is 32 mA 
at a pulse width of 5 ns which is the limitation of the self-built tester. Nevertheless, the 











5.5.3 Functional performance of nanocells– overwrite cycle 
The overwrite capability has been tested with 100,000 cycles. The testing result 
is shown in Figure 5.34. The write and erase settings were W3.2V_9ns and 
E1.2V_200ns, respectively, and cycle frequency was 0.2 seconds. The high and low 
resistances were about 19 KΩ and 521 KΩ, corresponding to the crystalline and 
amorphous states under saturated conditions, respectively. Figure 5.35 shows the SET 
and RESET resistance varied as a function of the number of cycles. 




























Figure 5.34 Overwrite cycle testing of 100,000 write/erase cycles.  












0 20000 40000 60000 80000 100000 120000













Chapter 5 Nanocell fabrication by NSOL for non-volatile PCRAM device application 
 
162 
5.5.4 TEM study of PCRAM switching 
The 2×2 cell array was fabricated by standard photolithography using stepper 
and lift-off processes. Figure 5.36 (a) shows TEM images of the cell array which was 
activated and the individual cells were switched to the amorphous and crystalline state, 
respectively, by applying the Set/Reset performance. Figure 5.36 (b) shows the 
multilayer structures and the phase state of the corresponding cell along the cross line. 
The result confirms that the recording activities of the PCRAM nanocells are 


















Figure 5.36 TEM images of a) 2×2 cell array switched by functional tester, and 
switching state along the cross section line; and b) cell multilayer structures and 
the phase state of the corresponding cell along the cross line.







Amorphous state TEM cross-section
(a) 
(b) 
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5.5.5 Scalability from PCRAM microcells to nanocells 
To compare the cell performance, PCRAM memory cells of larger feature size 
with the same device structure were fabricated by the standard stepper patterning 
technology, and with various feature size of 2.0 µm, 1.0 µm and 0.65 µm, respectively. 
Figure 5.37 shows the programming current as a function of pulse width for the 
memory cells. The RESET and SET programming currents highly depend on and scale 









PCRAM nanocells with feature size of 200nm were fabricated by the 
developed NSOL/stepper technology, and Figure 5.38 shows the SET/RESET current 
as a function of current pulse width. Compared with the microcells as shown in Figure 
5.37, the nanocells had better performance with the SET/RESET amplitudes scaled 
down. The functional performance of further smaller nanocell of 91 nm was presented 
in Figure 5.39. The RESET current occurred at 0.8 mA with short pulse width 70 ns, 
presenting a low current and fast switching from crystalline state to amorphous state. 
 
Figure 5.37 Programming current as a function of current pulse width for PCRAM 
cells with different feature size from micron to sub-micron (a) Reset; and (b) Set.
























Figure 5.38 Programming current as a function of current pulse width for 200 
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Figure 5.40 PCRAM programming current as a function of feature size from 






















The scaling effect of the functional device has been studied by measuring the 
Reset current variation as a function of nanocell feature size as shown in Figure 5.40, 
presenting almost logarithm linear decrease of the required current with the feature 
size decrease. Cells with feature size varied from 2μm, 1μm, and 0.65 μm were 
fabricated by stepper patterning, and the 91 nm nanocells were fabricated by the 
developed mix-and-match technique which was the integration of NSOL with 










5.5.6 Scalability of PCR AM nanocells 
Nanocells with cell bottom contact diameter from 200 nm down to 34 nm were 
fabricated by the integrated NSOL/stepper processes. The functional performance was 
tested by the home-built tester. Figure 5.41 shows the SET and RESET performance of 
nanocells with the cell bottom diameter of 50 nm. The GST was switched between low 
resistance of 2.9 kΩ, and the high resistance level of 600 kohm which was the 
saturated resistance of the fabricated cell.  















It was noticed that the pulse amplitudes for both SET/RESET maintained the 
lowest value of 0.22 volt and 1.25 volt, respectively, at the pulse width of 30 ns, and 
started to increase with the shorter pulse width. SET/RESET voltage presented the fast 
switching with relatively low voltage amplitude, 5 ns SET switching with 0.9 volt, and 
10 ns RESET switching with 1.25 volt.  The testing results show the write/erase for 
nanocells with various cell features by SET/RESET pulses. The SET/RESET pulse 
width was set to 10 ns and 5ns, respectively during the scalability test, the SET/RESET 
current amplitude was measured and listed in Table 5.3, which presented a high 
scalability of the nanocells as shown in Figure 5.42.  
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200 5 13 30 3
132 5 11 30 2.3
70 5 8 30 1.04














5.5.7 Ultra fast switching 
Our experimental results presented the electrically induced phase switching of 
the GST material in nanocells, with the SET/RESET pulse of short width of 10 ns and 
5 ns, respectively, for the cell size in the sub-100 nm range. In this section, we study 
the nanocell performance under picosecond pulses activation. The phase change 
materials in nanocells were switched by the electrical pulse width in picoseonds, and 
the resistivity changes were tested and presented the reliable resistance value 
corresponding to the amorphous and crystalline state. To study the ultrafast phase 
switching phenomenon, a specially designed short pulse tester was built which had the 
Table 5.3 SET/RESET pulse width and amplitude of nanocells with feature 
size varying from 200 nm down to 34 nm 
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capability to generate the output pulses with picosecond pulse width, as well as to 
inspect the resistance changes across the PCRAM nanocells.  
 
Figure 5.43 shows the oscilloscope signals of the electrically induced ultrafast 
switching from crystalline to amorphous by pulses with a pulse width of 531ps and 
amplitude of 5V, for a 50 nm cell. The cell consists of a 40 nm GST225 thin film with 
a top and bottom diameter of 117 nm and 50 nm, and depth of 50 nm, respectively. 
Channel 1 shows the input pulses generated by AWG with a designed pulse width of 
400 ps and pulse amplitude of 5V. Channel 2 is the voltage drop across the nanocell 
measured by the active probes, and channel 3 is the voltage drop across the reference 
resistor of 50 ohm measured by the differential probe. Channel Math2 is the arithmetic 











Due to the finite rising and falling time of the pulse generator (~ 70 ps) and 
limited bandwidth of measurement system, pulse broadening occurred when it passes 
through the entire system and is displayed in the measurement screen from 400 ps to 
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531 ps). It was also found that channels 2 & 3 had a time delay of about 100-200 ps.  It 
was observed clearly that the signal scattering and resonant after the short electric 
pulse creased a big noise level and signal distortion, which were mainly caused by the 
high impedance of PCRAM cells in high speed testing circuit. The PCRAM cell 
performance might be affected, when the signal resonant amplitude was too high. 
 
Figure 5.44 presents the Reset performance for a 50 nm cell with a pulse width 
varying from 1ns down to 400ps, which was the shortest pulse capable to Reset the cell. 
The cell was switched from a crystalline state with a resistance of 2.9 kΩ to the 












The pulse amplitude at switching point for each pulse width, at which the cell 
resistance starts to increase, increased with the decrease of pulse width as shown in 
Figure 5.45. The pulse amplitude at which the resistance was switched to the 
intermediate state of 300 kΩ is also shown in the graph as a function of pulse width. 
Figure 5.44 Electrically induced ultrafast switching from crystalline (2.9KΩ) 







































SET performance was studied for the 50 nm cell. Figure 5.46 present the SET 
pulse amplitude as a function of pulse width. The cell was amorphourized to 332 kΩ 
by a RESET pulse of 600 ps and 5.7 volt, and was then crystallized by the SET pulse 
of pulse width varying from 10 ns to 1 ns. Figure 5.47 presents the oscilloscope signals 
which show the ultrafast switching of 50 nm PCRAM nanocell induced by various 























332k, by 600ps & 5.7V reset voltage
Figure 5.46 Set pulse voltage as a function of pulse width for nanocells of 50nm.
Figure 5.45 RESET voltage amplitude as a function of pulse width of less than 1 ns, 







































5.6 Mechanism of electrically induced ultra fast switching phenomenon  
The scalability of programming current as a function of nanocell feature size 
has been studied with the cell feature size scaled down from 1 μm to 100 nm and from 
200 nm to 35 nm, as the previous experimental results shown in Figure 5.40 and 5.42, 
respectively. The scalability of switching speed has also been studies for the nanocells. 
It was found that the phase change can be electrically induced by the picosecond 
pulses, when the feature size of PCRAM nanocells was scaled down to less than 50 nm. 
The shortest pulse width achieved was 500 ps for Reset, and 1 ns for Set.  To our best 
knowledge, the picosecond pulse induced phase change is a novel phenomenon, which 
has no observation reported up to now.  
Figure 5.47 Oscilloscope signal shows the ultrafast switching of nanocell induced 
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Different from the mechanisms responsible for optically induced ultrafast phase 
change by femtosecond laser [34] which is due to the non-thermal phase transition, we 
believe that the electrical pulse induced fast switching phenomenon is due to two main 
factors in the space and time domain, respectively: i) small size effect; and ii) ultra 
short pulse effect. The model can explain well most of the experimental observations.  
 
 5.6.1 Rapid phase transition induced by ultrafast laser 
Recent study of optical storage shows that the intense ultrafast laser pulses such 
as femtosecond laser can induce phase change in phase change media. Ohta et al. [34] 
first presented that a single 120 fs laser pulse can induce an amorphous phase in GST 
material sandwich structure in a crystalline background. The optically induced ultrafast 
phase change in GST optical storage media may greatly increase the data transfer rate 
to terabyte per second for ultrafast data writing and retrieving. 
 
Non-thermal phase transitions induced by the femtosecond laser pulse have 
been reported in many materials, such as Si [35][36][37], GaAs [38][39][40][41][42], 
GeSb [42], and InSb [43] etc, due to the intensive laser and material interaction. It is 
believed that the intensive femtosecond pulse can excite the very dense e-h plasma in 
semiconductors, which will cause the materials in the most extreme non-equilibrium 
conditions and give rise to the novel and unusual phase transitions.  
 
In conventional optical data storage, the recording and erasing of chalcogenide 
materials are achieved by the laser pulses emitted from the semiconductor laser diodes 
with nanosecond pulse duration that thermally induces the crystallographic structural 
changes. There are basically three stages in the recording processes: i) the laser 
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exposure and energy absorption; ii) the heat diffusion outside of the laser spot; and iii) 
the material cooling after laser exposure time from 10 ns to several tens ns. The limit 
of the conventional optical recording is due to the thermal diffusion which appears in 
the last two processes, when the absorbed optical energy transfers to the lattice phonon 
energy. Lattice vibrates to generate thermal energy to heat up the material, and 
phonons propagate and scatter to the surroundings as the diffused thermal energy. 
Thermal diffusion is one of the fundamental limitations in the conventional optical 
recording with rather long pulse widths of 10~60 ns. The generated recording marks 
have size bigger than the focused laser spot size, which limits the recording density.  
 
The femtosecond laser pulse irradiation is different from the conventional 
optical recording because the thermal diffusion is limited in the order of fs~ps. GST 
has a semiconductor band structure with an optical gap energy of 0.5 eV for the 
crystalline state and 0.7 eV for the amorphous state, respectively. The ultrafast melting 
of semiconductors is believed to arise from a strong modification of the inter-atomic 
forces owing to laser-induced promotion of a large fraction of the valence electrons to 
the conduction band [36][37][38][39][40][41][42][43][44][45]. The atoms immediately 
begin to move and rapidly gain sufficient kinetic energy to induce melting in a 
ultrashort time period, which is much faster than the several picoseconds required to 
convert the electron energy into thermal motions [46]. According to this non-thermal 
plasma model, the lattice is disordered under the direct excitation, while the lattice 
modes remain vibrationally cold. Non-thermal phase transformation is due to the 
lattice destabilization in the presence of dense e-h plasma. If the plasma is dense 
enough, the transition is fast within a few vibration periods. 
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5.6.2 Rapid phase transition induced by electric pulse in picoseconds 
The GST band structure shows the semiconductor nature due to the existence 
of vacancies in the crystalline state, and the electron long pairs in amorphous state 
which are bound to the local atoms and donor/acceptor defect pairs due to the structure 
defects [22][23][47]. The electrically induced phase change in GST material of 
PCRAM nanocells can be explained in principle as the impact ionization and carrier 
recombination under threshold bias, where the free carrier concentration plays a very 
important role in the current increase and thereby results in the material phase 
switching [23]. It is believed that the free carrier concentration increase caused by the 
small size effect and short pulse effect, is the main reason for the program current 
scalability and fast switching, for the cells of feature size in nano-scale. However, the 
detailed mechanisms responsible for the ultrafast phase switching induced by the short 
electrical pulses are lack of experimental studies.  
 
In PCRAM cells, heat is mainly generated in the phase change layers. From the 






                                                                      (5.1) 
where, k is the thermal conductivity; c, specific heat; ρ, density; t, time; T, temperature 
and Q, Joule heat per unit volume and per unit time which is called the heat density.  
In static field analysis, Joule heat density distribution is expressed as: 










             (5.2) 
In Poission/drift-diffusion model, the electron current density is expressed as a 
sum of two components: the drift component which is driven by the electric field and 
the diffusion component caused by the gradient of the electron concentration:  
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)_( ngradDEnqJ n ⋅+⋅⋅⋅= μ       (5.3) 




























    (5.4) 
where ε is the electrical permittivity, Ψ is the electrostatic potential, q is the 
elementary electronic charge, p and n are the hole and electron free carrier densities, 
and N+D and N-A are the ionized donor and acceptor concentrations, R is the net 
electron-hole recombination rate, c is the lattice heat capacity, and κ is the lattice 
thermal conductivity. In the drift-diffusion model, the current density for electrons and 









        (5.5) 
where μn and μp are the electron and hole mobilities, and Ψn and Ψp  are the electron 
and hole quasi-Fermi potentials, respectively. 
 
The net free carrier concentration is the result of free carrier generation and 
recombination. Holes are dominant in high resistivity (OFF) state while electrons play 
more prominent role in dynamic low resistivity (ON) state. Both charge carriers spend 
most of their lifetime in localized states and their mobility in the extended states is 
quite low. The charge carrier mean free path L is only about 10-9±0.5 m and their 
lifetime in the extended states is very short [48]. 
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PCRAM band diagram shows the ohmic conductivity at low bias. For electric 
fields above the critical value, the impact ionization (II) takes place in the amorphous 
region and the current rises exponentially due to secondary hole generation. In this 
regime most of the secondary electrons get trapped in the donor-like traps. By further 
increasing the bias, electrons generated by II begin to fill up the donor-like traps and 
the free-electron density increases. Just beyond Vth, the II overcomes carrier 
recombination eventually, the traps are filled and a voltage snap-back takes place. As a 
result, a higher current can flow through the device at a lower voltage. 
 
In the adiabatic approach, Auger recombination (AR) and impact ionization are 
related to inverse microscopic processes in conduction (valence) band of a crystal 
semiconductor through the principle of detailed balance in the same manner as photon 
emission and absorption [48]. The timescale for AR is about 10-8 – 10-12 sec, while the 
impact ionization timescale is around 10-11 – 10-14 sec [48]. The II is faster less than 
10ps, AR is slower in less than 1ps~10ns. Most of the studies and modeling were 
based on the static field analysis when the electric pulse width is above 10 ns. 
However, when the pulse width is in picoseconds, which is comparable with the II and 
AR processes, the static field analysis may not be suitable. The secondary electron 
concentration will increase faster due to the stronger impact of the intensive injected 
electron or the condensed electron injection. The electron generation will suppress the 
electron recombination, resulting in higher net electron concentration.  
 
From the thermodynamic point of view, the phenomenon explanation to the 
fast phase change, may also be attribute to the size effect for the reduced cell 
dimension. However, suffers the trade-off of positive and negative factors. 
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1) Free carrier concentration change due to the scatterings 
In thermal transportation, the heat flux proportional to the temperature gradient:  
TKJ ∇−=                                                                                                     (5.6) 
3
LVC
K sp=                                                                                                     (5.7) 
The thermal conductivity k depends on specific heat Cp , sound velocity Vs and 
phonon mean free path L. The k has two factors in materials: 
latticelectron κκκ +=                                                                               (5.8) 
In conductive materials, such as metals, Ke>>KL, electrons are not as easily 
scattered as phonons. Therefore, the metal materials are good thermal conductors. 
 
In non-conductive materials, such as ceramic materials, Ke<<KL, there are lack 
of a large number of free electrons. Phonons are scatter easily by lattice imperfections. 
Therefore, ceramic materials have poor thermal conductivity. 
 
In crystalline GST, Ke plays the main role. Where as, the amorphous GST is 
lack of electrons, KL is the main factor. With the cell lateral dimension decrease, both 
Ke and KL increase due to the less scattering at the cell bottom interface, resulting in 
the increase of current density, and therefore the increase of Joule heat. Therefore, the 
required programming current decreases basically with the cell dimension decrease in 
both the SET and RESET processes if we only consider the small size effects.  
 
2) Phase change material melting point suppression  due to small size effect 
The physical properties of materials with reduced dimensions draw 
considerable attention because of the technological importance and the fundamental 
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interest. One particular phenomenon is the size-dependent melting point suppression. It 
is found that the nanostructured materials have a lower melting point than the bulk 
materials. From an atomistic point of view, with the size decreases, the proportion of 
atoms occupied surface or interfacial sites increase. These atoms are more loosely 
bound than bulk atoms, which facilitates the melting of the nanostructure. Even 
through the mechanisms for the nanostructures melting are not fully understood, the 
better understanding of the phenomenon with sufficient experimental information is 
warranted [49][50]. There have been also many pioneer works studying the shift of 
phase transition temperature as a function of grain size and as a function film thickness, 
during the phase transition processes [51][52].   
 
The nanostructure GST materials in PCRAM nanocells are confined by the 
surrounding dielectric materials, with its phase transition temperatures are suppressed.  
During the SET/RESET processes, the less power amplitude and shorter time are 
required to reach the lowered phase change temperatures, when the cell dimensions are 
reduced sufficiently.    
 
3) Thermal confinement due to small cell size  
One of the functions of the dielectric material surrounding the nanocell is to 
confine the thermal diffusion out off the cell. An current flow channel is creased within 
the activated phase change material for the bigger cell size, when Vth is reached. The 
current-generated heat diffuses to the surround non-activated materials, resulting in 
thermal diffusion. With the smaller cell size, the cell wall which is normally dielectric 
materials, provides a better confinement to the thermal energy. Therefore, the GST 
materials can be heat up much faster, enabling faster phase transition. 
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4) Thermal and electrical conductivity changes due to the grain boundary 
scattering  
The thermal transportation has two factors of Ke and KL, corresponding to the 
electron conductivity and the phonon conductivity. In small cell, there is less number 
of material grains resulting in less scattering. But, there may exist a critical dimension 
when the proportion of grain boundary increases for the even smaller cell, which will 
result in more scattering to the electrons and phonons. The mean free path of electron 
and phonon is shortened. The thermal conductivity and electric conductivity decrease, 
the Joule heat is smaller, and thereafter, the material heat up process is slower. The 
grain boundary scattering is size-dependent.  
 
5) Current density decrease due to the nanocell wall scattering   
The conductivity of a nanowire is expected to be much less than that of the 
corresponding bulk material. There is more scattering from the wire boundaries, when 
the wire width is below the free electron mean free path of the bulk material. 
Nanowires conductivity is also strongly influenced by edge effects which come from 
atoms that lay at the nanowire surface and are not fully bonded to neighboring atoms 
like the atoms within the bulk of the nanowire. The unbonded atoms are often a source 
of defects within the nanowire, and may cause the nanowire to conduct electricity 
more poorly than the bulk material. As a nanowire shrinks in size, the surface atoms 
becomes more numerous compared to the atoms within the nanowire, and edge effects 
become more important.  
 
The electrons flow path in the PCRAM nanocell is nanowire-like vertically. 
When the cell lateral dimension shrink down and is camparable to the mean free paths 
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of electrons and phonons in the GST materials, the cell side wall scatters electrons and 
phonons, resulting in low current density, which is a negative point to the Joule heating 
mechanisms. 
 
In summary, the mechanisms responsible for the ultrafast phase change 
phenomenon are devoted to the two main factors in space domain and time domain, 
respectively. The small size effect of the PCRAM nanocells is responsible to the 
increase of free carrier concentration, which results in the reduction of the required 
programming power, and also the increase of the switching speed.  With the short 
electric pulse, the free carrier concentration increases faster due to the secondary 
electron density condensation and competition with the e-h recombination.  To our 
best knowledge, there are no observation and report on electrically induced phase 
change with pulse width in picoseconds. With our model, the picosecond pulse 
induced phase change phenomenon can be explained very well. The results will be of 
great importance for developing fast-response phase change memories.  




We have developed the fabrication processes for functional PCRAM nanocells 
based on the integration of NSOM/fs laser system developed in last chapter with the 
stepper patterning technology. The former was used to generate nanocells of feature 
size far beyond the wavelength limitation, while the latter was employed to fabricate 
the multilayer layer structures. The smallest cell achieved was in the sub-20nm range. 
 
Functional nanocells with a feature size of 300 nm down to sub-45 nm were 
fabricated. The electric performance of the nanocell was evaluated by a home-built 
tester to study the scalability of programming current and phase change switching 
speed. The programming current scalability was studied with PCRAM cells with sizes 
ranging from 1 micron down to 34 nm. With the cell dimensions shrinking to sub-
100nm, novel phenomenon of electrically induced ultrafast phase transition happened 
on time scale of several hundreds of picosecond.  
 
The mechanisms responsible to the ultrafast electric pulse induced phase 
change were discussed. The size and short pulse effects are the two main factors which 
were taken into account to explain the phenomenon. The results will be of great 
importance for developing fast-response phase change memories.  
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Chapter 6  
Summary of the thesis 
 
This thesis studied two laser direct writing techniques and their application in 
high density data storage. The laser induced self-assembly was used to create 
subwavelength fringe structures and nanoislands on the silicon substrates using a CO2 
laser. The combination of femtosecond laser with NSOM to achieve the laser near-
field direct writing, and made it possible to fabricate nanostructures with a feature size 
down to 20 nm, which is far beyond the optical diffraction limit. A mix-and-match 
technique was developed by the integration of the near-field direct writing technique 
with conventional photolithography, and was applied to fabricate the nanocells of 
PCRAM devices. The functionality of the fabricated PCRAM nanocells was studied. 
Ultrafast switching on a time scale of sub-ns was achieved. .  
 
In the laser-induced self-assembly technique, which was studied in the first part 
of the thesis, a specially designed experimental setup was employed to promote the 
silicon absorption at the far-infrared spectrum. Mechanisms responsible for silicon 
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absorption are attributed mainly to as the free carrier concentration increase promoted 
by the laser material interaction at the bottom substrate surface The LIPSS effect was 
found to be responsible for the formation of self-assembled periodic subwavelength 
structures. The novel phenomenon of self-ordered nanodots on periodic ripples was 
found, and the mechanism was discussed. It is found that the self-ordering is due to the 
surface stress distribution and low-dimensional confinement of the surface 
morphology during the laser absorption and interaction process.  
 
The laser induced self-assembly is capable of generating nanostructures with 
very small dimension, but it lacks of precise position registration and alignment which 
are required for device fabrications. Therefore, in the second part of this thesis, we 
developed the femtosecond laser direct writing assisted with a near-field scanning 
optical microscope. A mix-and-match technique was developed which combined the 
conventional photolithography with the laser near-field direct writing to the fabrication 
of nanocells of phase change random access memory with a feature size of non-
diffraction limit.  
 
The functional PCRAM nanocells with a multilayer structure were fabricated by 
the combination of the near-field direct writing technique with conventional 
photolithography which allowed us to fabricate the nanocells with a feature size from 
300 nm down to 35 nm. The other functional layers were fabricated by the stepper with 
special masks to achieve precise cell positioning and multilayer alignment. The electric 
performance of the functional nanocells was evaluated. The size dependent properties 
were tested with good scalability of the programming current and fast switching speed. 
The nanocell lifetime was demonstrated to be over 100,000 write/erase cycles. 
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A novel phenomenon of ultrafast switching by a picosecond electric pulse was 
found. The RESET time as short as 400ps was achieved for the nanocells with feature 
size of 50 nm. The crystalline transition was found to be completed within a SET pulse 
of 1-10ns. The mechanisms responsible for the ultrafast phase change phenomenon are 
devoted to two main factors in the space and time domain, respectively. The small size 
effect of the PCRAM nanocells is responsible for the increase of free carrier 
concentration, which results in the reduction of the required programming current and 
also the increase of phase switching speed.  With the short electric pulse, the free 
carrier concentration in the crystallization process increases faster due to the 
competition between secondary electron density condensation and e-h recombination.  
To our best knowledge, this was the first time that electrically induced phase change 
has been realized with pulse width in picoseconds. A model was invoked to explain the 
fast switching process. The results will be of great importance for developing fast-
response phase change memories.  
 
Recommendation for future work: 
The two laser nanofabrication techniques studied in this thesis have their own 
advantages and challenges. A hybrid technique is implied, which is the combination of 
these two techniques for nanodevice fabrications with feature size in molecular/atomic 
level, and at the same time to have precisely determined location and distribution.   
 
The development of devices using phase change materials is a very interesting 
topic. The nano phase change properties and the ultrafast phase switching phenomenon 




Appendix I:  
CMOS-PCRAM mask design for the development of the mix-and-match 
technique of NSOL and conventional photolithography 
 
The PCRAM cell structures have 5 layers, with 5 mask patterns for each layer 
accordingly. The 5 mask patterns were designed and fabricated on a mask plate, and 
labeled as NSOM-001, NSOM-002, NSOM-003, NSOM-004, and NSOM-005, 
respectively. The Page 1 is the overview of the whole mask plate layout with the 5 
layer pattern masks. Page 1-10 is the detailed layout for the different layer. The last 


















(left) Page 2 
(right) 
Page 6 
Basically, 3 same 
pattern, the only 
differences is 







 chrome area 
 transparent 
NOTE: 
• The measurement unit is actual size on wafer. 
• The photomask is for 5X Canon stepper model 
FPA-2000i1, therefore the actual photomask 
may need to enlarge 5X. 
• Measurement unit in micron
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